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Preface 

To foster informed intuition for structures, this book has many illustrations 
visualizing structural behavior and to complement and clarify mathematical 
concepts. While the book is primarily targeted for students of architecture, 
it also serves as reference book for students of civil engineering, and 
professional architects, engineers, and contractors. The book is organized 
in six parts. Part I starts with an introduction of key developments in the 
historic evolution of structures and proceeds to introduce loads on 
buildings and basic systems to resist them. Part II introduces 
fundamentals: statics and strength of material, as well as analysis and 
design of basic elements, such as beams and columns. Part III introduces 
design methods: ASD and LRFD; design of masonry (ASD) and concrete 
(strength method); design for wind and seismic forces; as well as 
conceptual design, explored on case studies. Part IV introduces structure 
systems for horizontal spans, categorized by bending, axial, form, and 
tensile resistance. All systems are introduced with conceptual diagrams, 
describing their structural behavior and alternate options. Case studies 
describe their use in real projects. Part V introduces vertical structures in 
similar fashion. Part VI introduces material properties and details for wood, 
steel, masonry, concrete, and membrane structures. ^Appendices inciuae 
math derivation, graphs and tables. TMcand Waphje^re correlated on 
the same page for easyf@c)clibg end comprehension. Prerequisites for the 
book are aigebra, trigonometry, and Newtonian physics. The book can be 
used in courses of statics pd strength of material, structure systems and 
structural nfeterials. Math derivations visualized help understanding and to 
introduce concepts also to readers with more artistic or visual modes of 
learning. The book includes many graphs to streamline complex tasks. 
The graphs, which feature US and SI units to facilitate correlation, include: 

• Design graphs for span limits and span/depth ratios 

• Column design graphs 

• Seismic design graphs 

• Wind design graphs 
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Basic Concepts 



This chapter on basic concept introduces: 

• Structural design for: 

• Strength 

• Stiffness 

• Stability 

• Synergy 

• Rupture length (material properties, i.e., structural efficiency) 


Basic structure systems 


• Horizontal structures 


• Vertical / lateral structures for: 
o Gravity load 


o Lateral load 
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Strength, Stiffness, Stability, Synergy 

Structures must be designed to satisfy three Ss and should satisfy all four Ss of structural 
design - as demonstrated on the following examples, illustrated at left. 

1 Strength to prevent breaking 

2 Stiffness to prevent excessive deformation 

3 Stability to prevent collapse 

4 Synergy to reinforce architectural design, described on two examples: 

Pragmatic example: Beam composed of wooden boards 
Philosophical example: Auditorium design 


Comparing beams of wooden boards, b = 12” wide and d 
defined by the Moment of Inertia, I = b d 3 /12 



1 board, I = 12x1 3/ 12 
10 boards I = 10 (12x1 3 /12) 

10 boards glued, I = I2x10 3 /12 

Strong ;h is defined by the Section modulus, S = l/(d/2) 
1 board, S = 1/o.5 



10 boards, S = 10/0.5 
10 boards, glued, S =1000/5 


= 1”deep, each. Stiffness is 

'*Y M 


1 = 1 


1 = 10 
1 = 1000 


S = 2 
S = 20 
S = 200 


Note: 

The same amount of material is 100 times stiffer and 10 times stronger when glued 
together to transfer shear and thereby engage top and bottom fibers in compression and 
tension (a system, greater than the sum of its parts). On a philosophical level, structures 
can strengthen architectural design as shown on the example of an auditorium: 

• Architecturally, columns define the circulation 

• Structurally, column location reduces bending in roof beams over 500% ! 
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Rupture length 

Rupture length is the maximum length a bar of constant cross section area can be 
suspended without rupture under its weight in tension (compression for concrete & 
masonry). 

Rapture length defines material efficiency as strength / weight ratio: 

R=F IX 

R = rupture length 

F = breaking strength 

X = specific gravity (self weight) 

Rupture length, is of particular importance for long-span structure’®! r ne depth of 
horizontal span members increases with span. Consequently the weight also increases 
with span. Therefore the capacity of material to span depends on bom its strength and 
weight. This is why lightweightlmateijab such as glass fiber fabrics are good for long- 
span structures. For some materia 1 , a ttijp line extends the rupture length to account for 
different material grades. 

|#» 


The graph data is partly based on a study of the Light weight Structures Institute, 
University Stuttgart, Germany 
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Horizontal structures 

Horizontal systems come in two types: one way and two way. Two way systems are only 
efficient for spaces with about equal span in both directions; as described below. The 
diagrams here show one way systems at left and two way systems at right 


1 Plywood deck on wood joists 

2 Concrete slab on metal deck and steel joists 

3 One way concrete slab 

4 One way beams 

5 One way rib slab 

6 Two way concrete plate 

7 Two way concrete slab on drop panels 

8 Two way concrete slab on edge beams 

9 Two way beams 


Two way waffle slab 

Deflection A for span length LI 

Deflection A=16 due to double span L2 = 2 LI 


Deflection increases with the fourth power of span. Hence for double span deflection 
increase 16 ■fold.. Therefore two way systems over rectangular plan are ineffective 
Beebese elements that span the short way control deflection and consequently have to 
resist most load and elements that span the long way are very ineffective. 


increas 

bacai's 

ikStiV 
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Trusses 

Trusses support load much like beams, but for longer spans. As the depth and thus 
dead weight of beams increases with span they become increasingly inefficient, requiring 
most capacity to support their own weight rather than imposed live load. Trusses replace 
bulk by triangulation to reduce dead weight. 


Unstable square panel deforms under load. 

Only triangles are intrinsically stable polygons 

Truss of triangular panels with inward sloping diagonal bars 

that elongate in tension under load (preferred configuration) 

Outward sloping diagonal bars compress (disadvantage) 

Top chords shorten in compression 

Bottom chords elongate in tension under gravity load 

Gable truss with top compression and/bottom tension 

( 3\®r ^ 
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Warren trusses 

Pompidou Center, Paris by Piano and Rogers 



(Prismatic trusses of triangular cross section provide rotational resistance) 



Space trusses 

square and triangular plan 

Note: 

Two way space trusses are most effective if the spans in the principle directions are 
about equal, as described for two-way slabs above. The base modules of trusses should 
be compatible with plan configuration (square, triangular, etc.) 
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Funicular structures 

The funicular concept can be best described and visualized with cables or chains, 
suspended from two points, that adjust their form for any load in tension. But funicular 
structures may also be compressed like arches. Yet, although funicular tension 
structures adjust their form for pure tension under any load, funicular compression 
structures may be subject to bending in addition to compression since their form is rigid 
and not adaptable. The funicular line for tension and compression are inversely identical; 
the form of a cable becomes the form of an arch upside-down. Thus funicular forms may 
be found on tensile elements. 

1 Funicular tension triangle under single load 

2 Funicular compression triangle under single load 

3 Funicular tension trapezoid under twin loads 

4 Funicular compression trapezoid under twin loads 

5 Funicular tension polygon under point loads 

6 Funicular compression polygon under point load 

7 Funicular tension parabo'a under uniform load 

8 Funicular compression peraboia unde r uniform load 
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Vault 

IBM traveling exhibit by Renzo Piano 

A series of trussed arches in linear extrusion form a vault space The trussed arches 
consist of wood bars with metal connectors for quick assembly and disassembly as 
required for the traveling exhibit. Plastic panels form the enclosing skin, The trussed 
arches provide depth and rigidity to accommodate various load conditions 



Suspension roof 

Exhibit hall Hanover by Thomas Herzog 
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Vertical systems 

Vertical systems transfer the load of horizontal systems from roof to foundation, carrying 
gravity and/or lateral load. Although they may resist gravity or lateral load only, most 
resist both, gravity load in compression, lateral load in shear. Walls are usually designed 
to define spaces and provide support, an appropriate solution for apartment and hotel 
buildings. The four systems are: 

1 Shear walls (apartments / hotels) 

2 Cantilever (Johnson Wax tower by F L Wright) 

3 Moment frame 

4 Braced frame 

A Concrete moment resistant joint 

Column re-bars penetrate beam and beam re-bars penetrate column) 


B Steel moment resistant joint 

(stiffener plates between column flanges resist beam fl^nge slr^^ 


Vertical / lateral element selection 

criteria 

Element 

Advar tages 

Challenges 

Shear wall 

Architectural crtena 

Structural criteria 

Good for 

apartments/hotels 

Very stiff, good for 
wind resistance 

Inflexible for future changes 

Stiffness increases seismic 
forces 

Cantilever 

Architectural criteria 

Flexible planning 

Around cantilever 

Must remain in future 
changes 

Structural criteria 

Ductile, much like a tree 
trunk 

Too flexible for tall 
structures 

Moment frame 

Architectural criteria 

Most flexible, good for 
office buildings 

Expensive, drift may cause 
problems 

Structural criteria 

Ductile, absorbs seismic 
force 

Tall structures need 
additional stiffening 

Braced frame 

Architectural criteria 

More flexible then 

Shear walls 

Less flexible than moment 
frame 

Structural criteria 

Very stiff, good for 

Wind resistance 

Stiffness increases seismic 
forces 
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Shear walls 

As the name implies, shear walls resist lateral load in shear. Shear walls may be of 
wood, concrete or masonry. In the US the most common material for low-rise 
apartments is light-weight wood framing with plywood or particle board sheathing. 
Framing studs, spaced 16 or 24 inches, support gravity load and sheathing resists lateral 
shear. In seismic areas concrete and masonry shear walls must be reinforced with steel 
bars to resist lateral shear. 

1 Wood shear wall with plywood sheathing 

2 Light gauge steel shear wall with plywood sheathing 

3 Concrete shear wall with steel reinforcing 

4 CMU shear wall with steel reinforcing 

5 Un-reinforced brick masonry (not allowed in seismic areas) 
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Cantilevers 

Cantilevers resist lateral load primarily in bending. They may consist of single towers or 
multiple towers. Single towers act much like trees and require large footings like tree 
roots to resist overturning. Bending in cantilevers increases from top down, justifying 
tapered form in response. 

1 Single tower cantilever 

2 Single tower cantilever under lateral load 

3 Twin tower cantilever 

4 Twin tower cantilever under lateral load 

5 Suspended tower with single cantilever 

6 Suspended tower under lateral load 
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Moment frames 

Moment frames resist gravity and lateral load in bending and compression. They are 
derived from post-and beam portals with moment resisting beam to column connections 
(for convenience refered to as moment frames and moment joints). The effect of 
moment joints is that load applied to the beam will rotate its ends and in turn rotate the 
attached columns. Equally, load applied to columns will rotate their ends and in turn 
rotate the beam. This mutual interaction makes moment frames effective to resist lateral 
load with ductility. Ductility is the capacity to deform without breaking, a good property to 
resist earthquakes, resulting in smaller seismic forces than in shear walls and braced 
frames. However, in areas with prevailing wind load, the greater stiffness of shear walls 
and braced frames is an advantage, The effect of moment joints to resist loads is 
visualized through amplified deformation as follows: 


Portal with pin joints collapses under lateral load 
Portal with moment joints at base under lateral lead 
Portal with moment beam/column joints under gravity load 
Portal with moment beam/column joints unde' lateral load 
Portal with all moment joints under gravity icad 
Portal with all moment joints under lateral load 
High-rfsemoment frame under gravity load 
Moment frame building under lateral load 

Inflection points (zero bending between negative and positive bending 


Note: 

deformations reverse under reversed load 
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Braced frames 

Braced frames resist gravity load in bending and axial compression, and lateral load in 
axial compression and tension by triangulation, much like trusses. The triangulation 
results in greater stiffness, an advantage to resist wind load, but increases seismic 
forces, a disadvantage to resist earthquakes. Triangulation may take several 
configurations, single diagonals, A-bracing, V-bracing, X-bracing, etc., considering both 
architectural and structural criteria. For example, location of doors may be effected by 
bracing and impossible with X-bracing. Structurally, a single diagonal brace is the 
longest, which increases buckling tendency under compression. Also the number of 
costly joints varies: two for single diagonals, three for A- and V-braces, and five joints for 
X-braces. The effect of bracing to resist load is visualized through amplified deformation 
as follows: 

Single diagonal portal under gravity and lateral loads 
A-braced portal under gravity and lateral load 
V-braced portal under gravity and late: a! load 
X-braced portal under gravity and Mara 1 load 
Braced frame building without and with lateral loai 

Note 

deformations and forces reverse under reversed load 




3-14 BACKGROUND 


Basic Concepts 



Part II 


4 


Mechanics 


Mechanics, as defined for the study of structures, is the behavior of physical systems 
under the action of forces; this includes both statics and dynamics. 

Dynamics is the branch of mechanics that deals with the motion of a system of material 
particles under the influence of forces. Dynamic equilibrium, also known as kinetic 
equilibrium, is the condition of a mechanical system when the kinetic reaction of all forces 
acting on it are in dynamic equilibrium. 


Statics is the branch of mechanics that deals with forces and force systems that a 


Statics 


bodies in equilibrium as described in the following. 



Statics is the branch of mechanics that deals with forces and force system^that act on 
bodies in equilibrium. Since buildings are typically designed to be at rebt (in equilibrium), 
the subject of this book is primarily focused on statics Even though loads like 
earthquakes are dynamic they are usually treated as equivalent static foxes. 

* 
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Force and Moment 

Force is an action on a body that tends to: 

• change the shape of an object or 

• move an object or 

• change the motion of an object 
US units: # (pound), k (kip) 

SI units: N (Newton), kN (kilo Newton) 

Moment is a force acting about a point at a distance called lever arm 
M =P L (Force x lever arm) 

The lever arm is measured normal (perpendicular) to the force. 
Moments tend to: 


rotate an object or 

bend an object (bending moment) 


j \ / 

US units: #’ (pound-feet), k’ (kip-feet), #” (pound-inch), k” (kip-inch) 
SI units: N-m (Newton-meter), kN-m (kilo-Newton-meter) 


Gravity force (compresses the pyramid) 
Pullinn force (moves the boulderi 


IP 

t U NT Me 


Pulling force (moves the boulder) 

Moment = force times leve r arm (M - PL) 

Point aWpwfifch the force rotates 

\,bver arm 

Moment 


P Force 
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Static Equilibrium 

For any body to be in static equilibrium, all forces and moments acting on it must be in 
equilibrium, i.e. their sum must equal zero. This powerful concept is used for static 
analysis and defined by the following three equation of statics: 


2 H = 0 (all horizontal forces must equal zero) 

2 V = 0 (all vertical forces must equal zero) 

2 M = 0 (all moments must equal zero) 


The equilibrium equations are illustrated as follows: 


1 Horizontal equilibrium: pulling left and right with equal forces, 
mathematically defined as 

2 H = 0 = + 100 - 100 = 0 

2 Vertical equilibrium: pushing up with a force equal to a imj, 
mathematically defined as: 

2 V = 0 = -2 x 100 + 200 -0 

3 Moment equilibrium: .balancing both sides of a balance board, 
mathematically defined as. 

raMV®- 50# (8’) 4 200# (2’) = - 400 + 400 = 0 

ftfrach of tills book is based on the three equilibrium equations. 
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Supports 

For convenience, support types are described for beams, but apply to other horizontal 
elements, like trusses, as well. The type of support affects analysis and design, as well 
as performance. Given the three equations of statics defined above, 2H=0, 2V=0, and 
2M=0, beams with three unknown reactions are considered determinate (as described 
below) and can be analyzed by the three static equations. Beams with more than three 
unknown reactions are considered indeterminate and cannot be analyzed by the three 
static equations alone. A beam with two pin supports (1 has four unknown reactions, one 
horizontal and one vertical reaction at each support. Under load, in addition to bending, 
this beam would deform like a suspended cable in tension, making the analysis more 
complex and not possible with static equations. 


By contrast, a beam with one pin and one roller support (2) has only three unknown 
reactions, one horizontal and two vertical. In bridge structures such supporis are quite 
common. To simplify analysis, in building structures thjSr^pe p supper* may be 
assumed, since supporting walls or columns usually are f exible enough ti'Ksfpiulate the 
same behavior as one pin and one rfjffer support. The oiag^njis at ioft show for each 
support on top the physical conditions and below the synodic abstraction. 


m 


Beam with fixed supports at both 'ends subject to bending and tension 
Simple beam with one^pin and one roller support subject to bending only 
Beam with flexible supports, behaves like a simple beam 


Simple beams, supported by one pin and one roller, are very common and easy to 
analyze. Designations of roller- and pin supports are used to describe the structural 
behavior assumed for analysis, but do not always reflect the actual physical support. For 
example, a pin support is not an actual pin but a support that resists horizontal and 
vertical movement but allows rotation. Roller supports may consist of Teflon or similar 


material of low friction that allows horizontal movement like a roller. 
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Support symbols 

The diagrams show common types of support at left and related symbols at right. In 
addition to the pin and roller support described above, they also include fixed-end 
support (as used in steel and concrete moment frames, for example). 


Support types 



C 

)egrees of freedom 


Support type 

Horizontal 

movement 

Vertical 

movement 

Rotation 

1 

Roller 

Free 

Fixed 

Free 

2 

Pin 

Fixed 

Fixed 

Free 

3 

Rigid 

Fixed 

Fixed 

Fixed 
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Reactions 

Support reactions for asymmetrical loads and/or supports are computed using the 
equations of statics, 2H=0, 2V=0, and 2M=0. The following examples illustrate the use 
of the three equations to find reactions. 

1 Weight lifter on balcony 

Assume: 

P = 400#, L = 6’ 

2V=0t+ 

R- P = 0 

R = P R = 400 # 

2M = 0, t> + 



ZM = 0'O' + 

W L + M = 0 

M = -WL = - 80x20 M = -1,600#’ 

Note: 

The negative moment implies, the positive moment arrow must be reversed 

3 Tow truck 

Assume: 

P = 2k, C = 7’, L = 10’ 

2 M a = 0 t> + 

R b L - P C = 0 

R b = PC/L = 2x7/10 R b = 1.4k 

2 Mb - 0 + 

Ra L - P (C+L) = 0 

Ra = P (C+L) 11 = 2 (7+10) / 10 R a = +3.4k 

Check 2 V = 0 

2V = 0 = +3.4-1.4-2 2V = 0 

Note: 

The lever arm is always perpendicular to load 
Rb pointing downward is provided by the truck weight 
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Beam reactions 

To find reactions for asymmetrical beams: 

• Draw an abstract beam diagram to illustrate computations 

• Use 2 M = 0 at one support to find reaction at other support 

• Verify results for vertical equilibrium 


1 Floor framing 

2 Abstract beam diagram 
Assume: 

DL = lOpsf 
LL = 20 psf 
2 = 30 psf 

Uniform beam load: 
w = 30 psf x2’ 


w = 60 plf 


For convenience, substitute total beam load W for unifcim load w at 'ts centrbich 
Total beam load 

W = w L = 60 (12+4) j/V \\j\\M\\\jJ ^ W = 960 # 


R a = 320 # 


Support reactions: 

2 M b -■ 0 0 + 

12 R a -4 W = 0 
Ra = 4 x 960/ 12 
2 Ma = 0 t>+ 

8 W —12 R b = 0 
12 R b = 8x960 
R b = 8 x 960 / 12 
Check 2 V = 0 T+ 

Ra + Rb-W= 320 + 640 - 960 = 0 


R b = 640 # 


2 V = 0 


Alternate method (use uniform load directly) 

Support reactions: 

2 M b = 0 'O" 1 " 

12 R a - 4x60 plf x 16’ = 0 

Ra = 4x60x16/ 12 Ra = 320 # 

2Ma=0t>+ 

8 x 60 x 16 - 12 R b = 0 
12 R b = 8x60x16 

R b = 8x60x16/ 12 R b = 640 # 

Check 2 V = 0 T+ 

Ra + Rb - W= 320 + 640 - 960 = 0 2V = 0 
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Simple beam with point loads 

Assume: P = 1.2k 
R = 5P/2 = 5x1.2/2 


R = 3 k 



3 |R fl 
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1400+1800-100x16-800-800 


ZV = 0 
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Vector Analysis 


First used by Leonardo da Vinci, graphic vector analysis is a powerful method to analyze 
and visualize the flow of forces through a structure. However, the use of this method is 
restricted to statically determinate systems, in addition to forces, vectors may represent 
displacement, velocity, etc. Though only two-dimensional forces are described here, 
vectors may represent forces in three-dimensional space as well. Vectors are defined by 
magnitude , line of action, and direction, represented by a straight line with an arrow and 
defined as follows: 

Magnitude is the vector length in a force scale, like 1” =10 k or 1 cm=50 kN 
Line of Action is the vector slope and location in space 
Direction is defined by an arrow pointing in the direction of action 

1 Two force vectors PI and P2 acting on a body pull in a certain direction. The 
resultant R is a force with the same results as P'1 arid P2 combined, pulling in the 
same general direction. The resultant is found by drawing a force parallelogram [A] 
or a force triangle [B’. Lines Ito fhej/ector triangle must be parallel to corresponding 
lines in the vector plan [A]. Tne line ofpetion of the resultant is at the intersection 
of P 1 Ap2\in the vecto.' plan '{A]. Since most structures must be at rest it is more 
useful to find the equiiibriant E that puts a set of forces in equilibrium [C], The 
equiiibriant is equal in magnitude but opposite in direction to the resultant. The 
equiiibriant closes a force triangle with all vectors connected head-to-tail. The line 
of action of the equiiibriant is also at the intersection of P1/P2 in the vector plan [A]. 

2 The equiiibriant of three forces [D] is found, combining interim resultant R1-2 of 
forces PI and P2 with P3 [E]. This process may be repeated for any number of 
forces. The interim resultants help to clarify the process but are not required [F], 
The line of action of the equiiibriant is located at the intersection of all forces in the 
vector plan [D]. Finding the equiiibriant for any number of forces may be stated as 
follows: 

The equiiibriant closes a force polygon with all forces connected head-to-tail, 
and puts them in equilibrium in the force plan. 

3 The equiiibriant of forces without a common cross-point [G] is found in stages: 
First the interim resultant R1-2 of PI and P2 is found [H] and located at the 
intersection of P1/P2 in the vector plan [G], P3 is then combined with R1-2 to find 
the equiiibriant for all three forces, located at the intersection of R1-2 with P3 in the 
vector plan. The process is repeated for any number of forces. 
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Vector components 

Vector components have the same effect on a body as the initial vector. Thus 
components relate to a vector as two vectors relate to a resultant or equilibriant. 

1 The component forces Cl and C2 in two cables supporting a load P are found by 
drawing a force triangle [B] with corresponding lines parallel to the those in the 
vector plan [A], 


Forces in more than two cables supporting a load P are indeterminate [C] and 
cannot be found by graphic vector method since there are infinite number of 
solutions [D], A problem with more than two unknown force components requires 
consideration of relative cable stiffness (cross-section area, length, and stiffness). 
Hence we can state: 

Only two components can be found by graphic vector 'method 


This example demonstrates graphic vector analysis. Forces a r e drawn on a vector 
plan with line of action and directior' (E). ' r he magnitude may be written on each 
vector or the vector may be drawn at a forte scaie. A force polygon [F] is drawn 
nex, at a force scale, such as 1” = Ik. For good accuracy, the force scale should 
be as Large as space permits. The line of action of the equilibriant (or resultant) is 
then transpdsec! into the vector plan at the intersection of all force vectors [E]. 
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Truss Analysis 

Graphic truss analysis (Bow’s Notation) is a method to find bar forces using graphic 

vectors as in the following steps: 

A Draw a truss scaled as large as possible (1) and compute the reactions as for 
beams (by moment method for asymmetrical trusses). 

B Letter the spaces between loads, reactions, and truss bars. Name bars by 
adjacent letters: bar BH between B and H, etc. 

C Draw a force polygon for external loads and reactions in a force scale, such as 
1 ”= 1 0 pounds (2). Use a large scale for accuracy. A closed polygon with head-to- 
tail arrows implies equilibrium. Offset the reactions to the right for clarity. 

D Draw polygons for each joint to find forces in connected bars. Closed polygons 
with head-to-tail arrows are in equilibrium. Start with left jO ; m A3IHG. Draw a 
vector parallel to bar BH through B in the oolygon. H Is aip'tig BH Draw a vector 
parallel to bar HG through G to fine H ai intersection BH-HG. 

E Measure the bar forces as vector length in the polygon. 

F Find bai tension and compression. Start with direction of load AB and follow 
polygon. A8H6A with head-to-tail arrows. Transpose arrows to respective bars in 
the truss next to the joint. Arrows pushing toward the joint are in compression; 
arrows pulling away are in tension. Since the arrows reverse for adjacent joints, 
draw them only on the truss but not on the polygon. 

G Draw equilibrium arrows on opposite bar ends; then proceed to the next joint with 
two unknown bar forces or less (3). Draw polygons for all joints (4), starting with 
known loads or bars (for symmetrical trusses half analysis is needed). 

1 Truss diagram 

2 Force polygon for loads, reactions, and the first joint polygon 

3 Truss with completed tension and compression arrows 

4 Completed force polygon for left half of truss 

5 Tabulated bar forces (- implies compression) 
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Truss Example 

Some trusses have bars with zero force under certain loads. The example here has zero 
force in bars HG, LM, and PG under the given load. Under asymmetrical loads these 
bars would not be zero and, therefore, cannot be eliminated. Bars with zero force have 
vectors of zero length in the equilibrium polygon and, therefore, have both letters at the 
same location. 

Tension and compression in truss bars can be visually verified by deformed shape (4), 
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Funicular 

Graphic vector are powerful means to design funicular structures, like arches and 
suspension roofs; providing both form and forces under uniform and random loads. 

Arch 

Assume: 

Arch span L = 150, arch spacing e = 20’ 

DL = 14 psf 
LL = 16 psf 
2 = 30 psf 


Uniform load 
w = 30 psf x 20’/ 1000 
Vertical reactions 
R = wL/2 = 0.6 x 150/2 

Draw vector polygon, starting with vertical reaction R 
Horizontal reaction 

Max. arch force (diagonal vector para lie! to arch tangent) 

1 Arch atructiire 

2 Paracolic arch by graphic method 

Process: 

Draw AB and AC (tangents of arch at supports) 

Divide tangents AB and AC into equal segments 
Lines connecting AB to AC define parabolic arch envelope 

3 Arch profile 
Process: 

Define desired arch rise D (usually D = L/5) 

Define point A at 2D above supports 

AB and AC are tangents of parabolic arch at supports 

Compute vertical reactions R = w L 12 

4 Equilibrium vector polygon at supports (force scale: 1” = 50 k) 
Process: 

Draw vertical vector (reaction R) 

Complete vector polygon (diagonal vector parallel to tangent) 
Measure vectors (H = horizontal reaction, F = max. arch force) 



w = 0.6 klf 

R = 45 k 

H = 56 k 
F = 72 k 


Note: 

The arch force varies from minimum at crown (equal to horizontal reaction), gradually 
increasing with arch slope, to maximum at the supports. 
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Suspension roof 

Assume: 

Span L = 300, cable spacing e = 10’, sag f = 30’, height difference h = 50’ 
DL = 14 psf 


LL = 16 psf 
2 = 30 psf 


Uniform load 
w = 30 psf x 10’ / 1000 
Total load 

W = w L = 0.3 x 300 

Draw vector polygon, starting with total load W 

Horizontal reaction 

Vertical reactions 

Left reactions 

Right reaction 

AUeft support , 

At right support (maximum) 

1 Cable roof structure 

2 Parabolic cable by graphic method 

Process: 

Draw AB and AC (tangents of cable at supports) 

Divide tangents AB and AC into equal segments 
Lines connecting AB to AC define parabolic cable envelop 

3 Cable profile 
Process: 

Define desired cable sag f (usually f = L/10) 

Define point A at 2f below midpoint of line BC 
AB and AC are tangents of parabolic cable at supports 
Compute total load W = w L 

4 Equilibrium vector polygon at supports (force scale: 1” = 50 k) 
Process: 

Draw vertical vector (total load W) 

Draw equilibrium polygon W-TI-Tr 
Draw equilibrium polygons at left support TI-H-RI 
Draw equilibrium polygons at right support Tr-Rr-H 
Measure vectors H, Rl, Rr at force scale 


This powerful method finds five unknowns: H, Rl, Rr. Tl. Tr 
The maximum cable force is at the highest support 


w = 0.3 klf 
R = 90 k 
H = 113 k 


Rl = 26 k 
Rr = 64 k 


Tl =115 k 
Tr = 129 k 
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This chapter introduces the theory and examples of strength, stiffness, and stability 
described n the following sections: Force types; force vs. stress; allowable stress; axial 
stress; shear stress; principle stress and Mohr’s circle; torsion; strain; Hooke’s law; 
Poisson’s ratio; creep, elastic modulus; thermal strain; thermal stress; and stability. 


Strength Stiffness Stability 
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Force types 

Forces on structures include tension, compression, shear, bending, and torsion. Their 
effects and notations are tabulated below and all but bending and related shear are 
described on the following pages. Bending and related shear are more complex and 
further described in the next chapter. 



A Tension 
B Compression 
C Shear 
D Bending 
E Torsion 
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Force vs. stress 

Force and stress refer to the same phenomena, but with different meanings. Force is an 
external action, measured in absolute units: # (pound), k (kip); or SI units: N (Newton), 
kN (kilo Newton). Stress is an internal reaction in relative units (force/area ), measured in 
psi (pound per square inch), ksi (kip per square inch); or SI units: Pa (Pascal), kPa (kilo 
Pascal). Axial stress is computed as: 

f = P / A 

where 
f = stress 
P = force 

A = cross section area 

Note: stress can be compared to allowable stress of a given material. 

• Force is the load or action on a member 

• Stress can be compared to allowable stress for arjymaiterial, expressed as: 

F > f (Allowable stress must-fa© equa 1 or greater than actual siress) 
where 

F = allowable stress 
f = actual stress 

IJe t/pe Of stifejSjiSftsually defined by subscript: 

) R, fa (axial stress, capital F = allowable stress) 

Fb, fb (bending stress, capital F = allowable stress) 

F v , fv (shear stress, capital F = allowable stress) 

The following examples of axial stress demonstrate force and stress relations: 

1 Wood column (compression) 

Assume: Force P = 2000#, allowable stress F = 1000 psi 
A = 2 x 2 = 4 in 2 (cross section area) 

Stress f = P / A ' 2000# / 4 f = 500 psi 


Steel rod (tension) 

Assume: P = 6 k, !4" rod, F a = 30 ksi 
Cross section area A = tt r 2 = (0.5/2) 2 tt 
S tress f = P/A = 5 k/0.2 


Spiked heel on wood stair (compression) 

Assume: P = 200# (impact load), A = 0.04 in 2 , F a = 400 psi 
Stress f =P/A = 200/0.04 


f = 500 psi 
1000 > 500, ok 


A = 0.2 in 2 
f = 25 ksi 
25 < 30, ok 


Stress f = P / A = 200 / 0.04 f = 5000 psi 

5000 » 400. NOT ok 

Note: The heel would sink into the wood, yield it and mark an indentation 
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Axial stress 

Axial stress acts in the axis of members, such as columns. Axial tension is common in 
rods and cables; wile axial compression is common in walls and columns. The following 
examples illustrates axial design and analysis. Analysis determines if an element is ok; 
design defines the required size. The equation, f a = P/A, is used for analysis. The 
equation A = P/F a , is used for design. Allowable stress, F a , includes a factor of safety. 


Am = 0.17 in 2 


:$g = 0.28 in 2 


Crane cable design 
Assume: P = 12 k, Fa = 70 ksi 
Find required cable size 

Metallic cross section A m (cables are about 60% metallic) 

A m = P/F a = 12k/70ksi A m = 0.17 in 2 

Gross cable area 

A g = Am/ 0.6 = 0.17/ 0.6 . /Z&g = 0.28 in 2 

Cable size 

(1) = 2 (A/ji) 1/2 = 2 (0.28 / ji) 1/2 = 0.6’’ jse <j> = 5/8” 

Suspension hanger analysis (Hong Kcng-Shanghai bank) 

Assume: load per floor P--227 k, F a -3G ksi, level 1 A = 12 in 2 , level 6 A = 75 in 2 
Hanger stress 

r Le\S(§^ p/ A = 2 ^/ 1 ^ f a = 1 9 ksi < 30 

Level 6: f a =)6LB / A = 6 x 227 / 75 f a = 18 ksi < 30 

Post/footing analysis 

Assume: P = 12,000 #, 3’x3’x2’ footing at 150 pcf, 4x4 post (3.5”x3.5” actual) 
Allowable post stress F a = 1000 psi, allowable soil pressure F s = 2000 psf 
Post stress 

P/A = 12,000 #/(3.5”x 3.5”) f a = 980 psi < 1000 

Soil pressure 

f s = P/A = (12,000 # + 3’x3’x2’x150 pcf)/ (3’x3’) f s = 1633 psf < 2000 


4 Slab/wall/footing, analyze a T wide strip 

Assume: allowable wall stress F a = 360 psi; allowable soil pressure F s =1 500 psf 
Concrete slab, t =8” thick, L = 20’ span 

CMU wall, h =10’, DL = 80 psf, t = 8” nominal (7 5/8” = 7.625” actual) 

Slab load 

100 psf DL+ 40 psf LL DL+LL =140 psf 

Load at wall base 

P = 140psf (2072) + 80 psf (10’) P = 2,200 # 

Wall stress 

f a = P / A = 2200 # / (12”x7.625”) f a = 24 psi < 360 

Load on soil 

P = 2200 + 150 pcf x 2’ x T P = 2,500# 

Soil pressure 

fs = 2,500 # / (1 ’ x2’) fs = 1 250 psf < 1 500 
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Shear stress 

Shear stress occurs in many situations, including the following examples, but also in 
conjunction with bending, described in the next chapter on bending. Shear stress 
develops as a resistance to sliding of adjacent parts or fibers, as shown on the following 
examples. Depending on the number of shear planes (the joining surface [A] of 
connected elements) shear is defined as single shear or double shear. 

A Shear plane 
B Shear crack 


Single shear 

Assume: P = 3 k = 3000 #, 2”x4” wood bars with 14 ” bolt of Fv = 20 ksi 
Shear area (bolt cross section) 

A = k r 2 = k (0.5/2) 2 

Shear stress fv = P / A = 3/ 0.2 . fv 


Check end block (A) 

Assume: Block length 6”, wood Fv - 95 osi, all other as above 
End block shear are? A = 2x2’x 6' 

Shear stress fv = P / A = 3GGC# / 24 

- m \ Coy \y 

Peq:ji.re4lffi>ck 'ength e = 125 x 67 95 = 7.9: 


Double shear 

Assume: P = 22 k, 2 5/8” bolts of Fv = 20 ksi 
Shear area A = 4k r 2 = 4 n (0.625/2) 2 
Shear stress fv = P / A = 22 / 1 .2 


A = 0.2 in 2 
/ ~ 15 ksi < 20 


A =24 in 2 
fv =125 psi > 95 

NOT ok 

use e = 8 


A = 1.2 in 2 
fv = 18 ksi < 20 


Double shear, glued 

Assume: P = 6000 #, Wood bars, Fv = 95 psi 
Shear area A = 2 x 4” x 8” 

Shear stress Fv = P / A = 6000 / 64 


A = 64 in 2 
fv =94 psi < 95 


5 Twin beam double shear 

Assume: P = R = 12 k, 2 14 “ bolts, Fv = 20 ksi 
Shear area A = 4k r 2 = 4 n (0.5/2) 2 
Shear stress fv = P / A = 12 / 0.79 


A = 0.79 in 2 
fv = 15 ksi < 20 


Shear wall 

Assume: P = 20 k, 8” CMU wall, t = 7.625”, L = 8’, Fv = 30 psi 

Shear area A = 7.625” x 12” x 8 ‘ A =732 in 2 

Shear stress fv = P / A = 20,000 # / 732 fv = 27 psi < 30 
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Torsion 

Torsion is very common in machines but less common in building structures. The 
examples here include a small detail and an entire garage. 

1 Door handle 

Assume: P = 10#, e = 3” 

Torsion moment M 

M = Pe = 10x3 M = 30 #' 



2 Tuck-under parking 

Assume: Shear e =10’, base shear V = 12 k 

Torsion moment M 
M = Ve = 12 kx 10’ 


M = 120 k’ 


Note: 

The torsion moment is the product of base shear v and lever arm e, the distance from 
center of mass to center of resistance (rear shear wall). 

In the past, torsion of tuck-under parking was assumed to be resisted by cross shear 
walls. However, since the Northridge Earthquake of 1994 where several buildings with 
tuck-under parking collapsed, such buildings are designed with moment resistant 
beam/column joints at the open rear side. 
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Principle stress 

Shear stress in one direction, at 45 degrees acts as tensile and compressive stress, 
defined as principle stress. Shear stress is zero in the direction of principle stress, where 
the normal stress is maximum. At any direction between maximum principle stress and 
maximum shear stress, there is a combination of shear stress and normal stress. The 
magnitude of shear and principle stress is sometimes required for design of details. 
Professor Otto Mohr of Dresden University develop 1895 a graphic method to define the 
relationships between shear stress and principle stress, named Mohr’s Circle. Mohr’s 
circle is derived in books on mechanics (Popov, 1968). 


Isostatic lines 

Isostatic lines define the directions of principal stress to visualize the stress trajectories in 
beams and other elements. Isostatic lines can be defined by experimentally by photo- 
elastic model simulation or graphically by Mohr’s circle. 


Simple beam with a square marked for in /estigation 
Free-body of square i narked An bean with; sh ear stress arrows 
Free-body square with sh^ar arrows clividc-d into pairs of equal effect 
Free-body square with principal stress arrows (resultant shear stress vectors) 
Fiee-boriy square rotated 45 degrees in direction of principal stress 
Beam with isostatic lines (thick compression lines and thin tension lines) 


Under gravity load beam shear increases from zero at mid-span to maximum at supports. 
Beam compression and tension, caused by bending stress, increase from zero at both 
supports to maximum at mid-span. The isostatic lines reflect this stress pattern; vertical 
orientation dominated by shear at both supports and horizontal orientation dominated by 
normal stress at mid-span. Isostaic lines appear as approximate tension “cables” and 
compression “arches”. 
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Strain 

Strain is a deformation caused by stress, or change in temperature, described later. 
Strain may elongate or shorten a solid, depending on the type of stress. 


Hooke’s law 


Material expand and contract under tension and compression, respectively. The 
stress/strain relationship, called Hooke’s law after the English scientist Robert Hooke, 
who discovered it in the 17 th century, has since been confirmed by many empirical tests. 
The Hooke’s law assumes isotropic material (equal properties in any direction). The 
stress/strain relation is visualized here by a spring, as substitute for rods as used in 
testing machines, to amplify the deformation. 

1 Elongation due to tension 

2 Shortening due to compression 


3 

L 

AL 

P 


Stress / strain graph 
Unstressed length 

Strain (elongation or shortening under load) 
Applied load 

Unit strain Epsilon (s = AL/L) 

Elastic modulus E = f / ef 
Cross sectio n a r ea of assumed rod 


,\Q) 

Stress f = P / A 
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Stress/strain relations 


Although stress/strain tests may be done for any materials, for convenience the following 
test description assumes a steel rod. After measuring the unstressed length, load is 
applied and the strain recorded. The load is then incrementally increased and all related 
elongations recorded on a Cartesian graph, strain on the horizontal axis, stress on the 
vertical axis. The recorded measure points are connected by a line. A straight line 
implies linear stress/strain relations, a curved line implies non-linear relations. Most 
structural materials are linear up to the proportional limit, and non-linear beyond that 
point. If the rod returns to its original length after the load is removed, the material is 
considered elastic; if it remains deformed it is considered plastic. The remaining 
deformation is the permanent set. Rubber is an elastic material; clay a plastic material. 
Some materials, such as steel, are elastic-plastic, i.e., up to the elastic limit steel is 


elastic; beyond the elastic limit it is plastic. The transition from elastic to plastic strain is 
also called yield point. Materials which deform much and absorb energy befeire breaking 
are considered ductile: materials which break abruptly are considered brittle. Mild steel is 
considered a ductile material; concrete is usual!'/ brittle. 


1 

2 

3 

O 


Test loads 1 to 5 kip 

Stress-strain graphr|horizontal axis -- strain, verticai axis = stress) 
□rear material (lineat stress/s train relation 
Non-mar material (non-linear stress /strain relation) 

Elastic materia! (returns to original size if unloaded, like rubber) 
Plastic material (remains permanently deformed like clay) 

Brittle material (breaks abruptly) 


8 Ductile material (deforms and absorbs energy before breaking) 


Elastic modulus 

E E = f / e = Elastic Modulus (defines material stiffness) 
f Stress 

e Unit strain (e = AL/L) 

S Permanent set (remaining strain after stress is removed) 


Derivation of working equation to compute strain: 

AL f P . . f .. 

— =£=- = — solving for AL 

L E AE a 

AL = PL / AE 

The equation is used to compute strain due to load. It shows that strain: 

• Increases with increasing P and L 

• Increases inversely with A and E 
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Poisson’s ratio 

Poisson’s ratio is named after French scientist Poisson who defined it 1807 as ratio of 
lateral strain / axial strain. All materials shrink laterally when elongated and expand when 
compressed. Poisson’s ratio is defined as: 

v = lateral strain / axial strain 

Based on empirical tests, Poisson’s ratio for most materials is in the range of 0.25 to 
0.35; only rubber reaches 0.5, the maximum for isotropic material. 


Creep 

Creep is a time dependent strain, most critical in concrete where it is caused by moisture 
squeezed from pores under stress. Creep tends to diminish with time. Concrete creep 
may exceed elastic strain several times, as demonstrated by Case Study 9 of Northridge 
Earthquake failures (Schierle, 2002). Yet much research is needed to provide design 


data and guidelines regarding creep. 


Elastic modulus 

The elastic modulus E, also Ceiled modulus of elasticity dr Young’s modulus Y, after 
English scientist Young, who defined it U'07. The term elastic modulus is actually a 
misnomer since it defines sffmess, the opposite of elasticity. 


Since 


ice E=flle and e is a ratio without units, the elastic modulus has the same units as 


1 Poisson’s ratio effect 

2 Creep deformation (C = creep, T = time) 

3 Elastic / plastic stress / strain curve (E = elastic range, P = plastic range) 

4 Abstract steel graph (A = proportional limit, B = elastic limit, C = yield point, 

CD = yield plateau, E = ultimate strength, F = breaking point) 

5 Mild steel stress / strain curve 

6 High strength steel stress / strain curve 

7 Concrete stress / strain curve (compressive strengths: A=9 ksi, B=4 ksi, C=3 ksi) 

8 Stress / strain of linearly elastic wood 


Allowable stress vs. elastic modulus (typically about 1:1000 ratio) 


Material 

Allowable stress (psi) 

Elastic modulus (psi) 

Wood 

1,400 

1,400,000 

Steel 

30,000 

30,000,000 

Masonry 

1,500 

1,500,000 

Concrete 

3,000 

3,000,000 
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Strain examples 

Elevator cables 
Assume 

4 cables <|> '/? each, 60% metallic areaBreaking strength Fy = 210 ksi 
Allowable stress (210 ksi / 3) 

Elastic Modulus 
L = 800’ each 
P = 8k 

Metallic area 

Am = 4 n r 2 = 4 x .6 n (0.5/2) 2 
Stress 

f= P/A = 8/0.47 


Elongation under load 
AL = PL/ AE 

AL = 8k x 800” x 1 2” / (0.47x1 6000) 


Suspended building 
Differential strain 
Assurr e 

10 stones s oJ f#’ = 10x14 x12" 

Average column stress 
Average strand stress 
Elastic modulus (steel) 

Elastic modulus (strand) 

AL = PL/AE, since f = P/A -> AL = f L/E 
Column strain 
AL = 18ksi x 1680”/ 29000 
Strand strain 

AL = 60ksi x 1680” / 22000 

Differential settlement 


Fa = 70ksi 
E = 16,000ksi 


Am = 0.47in2 

f= 17ksi 
17 <70, ok 


AL = 10” 


L = 1680” 
f = 18 ksi 
f = 60 ksi 
E = 29,000 ksi 
E = 22,000 ksi 


AL = 1” 

AL = 4.6” 
AL = 5.6’’ 


Shorten hangers under DL to reduce differential strain, or prestress strands 
to reduce AL by half 


Note: Differential strain is additive since both strains are downwards 
To limit differential strain, suspended buildings have <= 10 stories / stack 
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Thermal strain 

Unrestrained objects expand and contract if subjected to temperature increase and 
decrease, respectively. Thermal strain is defined by a coefficient a for each material. 
Thermal strain varies linearly with temperature variation. 


Bar of initial length L 

Thermal strain AL due to temperature increase, computed as: 

AL = a At L 

where 

a = thermal coefficient (in/in/°F) [/°C (SI units)] 

At = temperature increase (+) / decrease (-) 

L = initial length 


Thermal stress 

Thermal stress is caused when thermal strain is prevented Ip; 

3 Bar of initial length L 

4 Elongation AL due to heat 

5 Heated bar reduced 10 initial length by loao P 

6 Restrained bar under stress 

Themial stress derivation: 

Since AL = PL / AE and f = P/A 
AL = fL/E -> f = E AL/L 
AL = a At L —x f = E a At L/L 

f = a At E 



restrains 


where 

f = thermal stress 
E = elastic modulus 


Coefficient of thermal expansion a and elastic modulus E 


Material 

US a 
(10-6 /of) 

USEa 

( 106 psi) 

SI a 
(10-6/OQ 

SI Ea 
(106gPa) 

Aluminum 

13 

10 

24 

69 

Steel 

6.5 

29 

11.7 

200 

Concrete 

6 

3-4 

11 

20-28 

Masonry 

4 

1-3 

7 

7-21 

Wood 

1.7 - 2.5 

1.2 - 2.2 

3.5 -4.5 

8-15 

Glass 

44 

9.6 

80 

66 

Plastics 

68-80 

0.3 -0.4 

122-144 

2-2.8 

Aluminum 

13 

10 

24 

70 
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Thermal examples 

1 Curtain wall 
Assume: 

Aluminum curtain wall, find required expansion joint 
At = 100 0 F (summer vs. winter temperature) 

2 story mullion, L = 30’ x 12” = 360” 
a = 13 x 10-6 i n /in/o p 
E = 10 x 10 6 psi 



Thermal strain 

AL = a At L = 13 x 10-6 x 100 o x 360” 

Use Vi" expansion joints 

Assume ignorant designer forgets expansion joint 
Thermal stress: 

f = a At E = 1 3x1 0-6x1 00x1 0x1 0‘6 psi 
Note: 106 and 10-6 cancel out and can be ignori 
13,000 psi is too much stress fqrafrmfrfum 

rl l \ i\\\ 

High-rise building, differential expansion 

Assume’ 

Siee 1 cclurr ns exposed to outside temperature 
At = 50ffefSoGh vs. north temperature) 
l = 840' (60 stories at 14') 
a = 6.5 x 10-6 in/in/ 0 F 




Differential expansion 

AL = a At L = 6.5 x 10-6 x 50 0 x 840’ x 12” 

Note: the differential expansion would cause bending stress 


3 Masonry expansion joints 

(masonry expansion joints should be at maximum L = 100’) 
Assume 

Temperature variation At = 70° F 
Joint spacing L=1 00’ x 12” 

Thermal coefficient 
E-modulus 


Required joint width 

AL = a At L =(4 x 10-6)700(1200") 

Use 3/8” expansion joint 

Check thermal stress without expansion joint 

f = a At E 

f = 4x10-6x700x 1.5x106 


AL = 0.47” 
0.5 >0.47 


f = 13,000 psi 


AL = 3.3” 


L = 1200” 
a = 4x1 0-6 /of 
E = 1 .5x1 06 psi 

AL = 0.34” 
0.375 >0.34 


f = 280psi 
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Stability 

Stability is more complex and in some manifestations more difficult to measure than 
strength and stiffness but can be broadly defined as capacity to resist: 

• Displacement 

• Overturning 

• Collapse 

• Buckling 




Diagrams 1-3 give a theoretical definition; all the other diagrams illustrate stability of 






Unstable 

Neutral 

Stable 

Weak stability: high center o f gra /it /, raYrow base 

Strong stability: lov; cente r of gravity, broad base 

Unstable cost and beam portal 

Stable moment frame 

Unstable 7 frame with pin joint at base 

Stable twin T-frames 
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Buckling stability 

Buckling stability is more complex to measure than strength and stiffness and largely 
based on empirical test data.. This introduction of buckling stability is intended to give 
only a qualitative intuitive understanding. 

Column buckling is defined as function of slenderness and beam buckling as function of 
compactness. A formula for column buckling was first defined in the 18 th century by 
Swiss mathematician Leonhard Euler. Today column buckling is largely based on 
empirical tests which confirmed Euler’s theory for slender columns; though short and 
stubby columns may crush due to lack of compressive strength. 



Beam buckling is based on empirical test defined by compactness, a quality similar to 
column slenderness. 


1 

2 

3 

4 

5 


Slender column buckles in direction of least dimension 
Square column resist buckling eetaaJJy in both directions 
Blocking resists buckling about .'east dimension 
Long and slender wood joist subject to ouckiing 
blocking resists buckling of wood joist 
Wen buckling of steel beam 
Stiffener plates resist web buckling 



A Blocking of wood stud 

B Blocking of wood joist 

C Stiffener plate welded to web 

P Load 
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Bending 




Bending elements are very common in structures, most notably as beams. Therefore, 
the theory of bending is also referred to as beam theory, not only because beams are the 
most common bending elements but their form is most convenient to derive and describe 
the theory. For convenience, similar elements, such as joists and girders, are also 
considered beams. Although they are different in the order or hierarchy of structures, 
their bending behavior is similar to that of beams, so is that of other bending elements, 
such as slabs, etc., shown on the next page. Thus, although the following description 
applies to the other bending elements, the beam analogy is used for convenience. 


Beams are subject to load that acts usually perpendicular to the long axis but is carried in 
bending along the long axis to vertical supports. Under gravity load beams are subject to 


bending moments that shorten the top in compression and elongate the bottom in 
tension. Most beams are also subject to shear, a sliding force, that acts Mb horizontally 
and vertically. Because beams and other bending elements are very common, the beam 
theory is important in structural design and analysis. 


As for other structural element^ beam investigation rigpirivoive analysis or design; 
analysis, if a given beam is defined by architectural or other factors; design, if beam 
dimensions JlSst be determined:;!?) support applied loads within allowable stress and 
defiecion Beth analysis and design, require to find the tributary load, reactions, shear, 
and bendinig moment. In addition, analysis requires to find deflections, shear- and 
bending stress, and verify if they meet allowable limits; by contrast design requires sizing 
the beam, usually starting with an estimated size. 


The following notations are commonly used for bending and shear stress: 
fb= actual bending stress Fb= allowable bending stress 

f v = actual shear stress F v = allowable shear stress 


Allowable stresses are given in building codes for various materials. 
Allowable stresses assumed in this chapter are: 


Wood 

Fb= 1 450 psi (9998 kPa) F v = 95 psi (655 kPa) 
Steel 

F b = 22 ksi (152 MPa) F v = 14 ksi (97 MPa) 


The more complex design and analysis of concrete and masonry will be introduces-later. 
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Bending and Shear 

Although derivation and numeric examples are required to analyze and design beams, 
intuitive understanding is an important prerequisite to gain deeper insight into the 
behavior of beams. The following is an intuitive introduction to beam bending and shear. 
A simple beam with uniform load is used for convenience. 


Bending moment 

Gravity load on a simple beam shortens the top and elongates the bottom, causing 
compressive and tensile stresses at top and bottom, respectively; with zero stress at the 
neutral axis (N. A.). In beams of symmetrical cross-section, the neutral axis is at the 
center. The compressive and tensile stress blocks generate an internal force couple that 
resists the external bending moment caused by load. 

1 Simple beam with pin and roller supports mm 


Deformed beam under uniform gravity icad 
Free-body diagram with bending stress block that generates an internal force 
couple to resist the externa! pending moment caused by load 
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Shear force 

With few exceptions, described later, shear coexists with bending. When shear is 
present it acts both horizontally and vertically at equal magnitude. In wood beams 
horizontal shear is more critical because wood’s shear capacity is much smaller parallel 
than perpendicular to the grain. 


1 Beam under uniform load with shear cracks as they occur in some concrete beams 
near the supports where shear is maximum 

2 Tendency of beam parts to slide vertically generates vertical shear stress that is zero 
at mid-span and increases to maximum at the supports where the vertical shear 
deformation is greatest 


Tendency of beam layers to slide horizontally generates horizontal sheapthat is zero 
at mid-span and increases toward the supports. This is visualized, assuming a beam 
composed of several boards 

Shear diagram reflects shear distribut'or;! over beam lerigtii 

Unloaded beam marked with squares to visualize shear 

Loaded beam with squares deformed into rhomboids due to shear 

Horizontal and vertical snear couples on a square beam part are equal to balance 

r£raiior:a| tendencies (sM = 0). Therefore, horizontal and vertical shear stresses are 

ecual at any point on the beam. 

Shear vectors generate compression and tension diagonal to the shear. This tends 
to generate diagonal tension cracks in concrete beams 
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Bending and shear stress 


Sending s 

with lp\/pr 


Bending and shear stresses in beams relate to bending moment and shear force similar 
to the way axial stress relates to axial force (f = P/A). Bending and shear stresses are 
derived here for a rectangular beam of homogeneous material (beam of constant 
property). A general derivation follows later with the Flexure Formula. 

1 Simple wood beam with hatched area and square marked for inquiry 

2 Shear diagram with hatched area marked for inquiry 

3 Bending moment diagram with hatched area marked for inquiry 

4 Partial beam of length x, with stress blocks for bending fb and shear f v , 
where x is assumed a differential (very small) length 

Reactions, found by equilibrium 2M = 0 (clockwise +) 

at c: +12 R a -3(8)=0; R a =3(8)/12 R a = 2 k 

at a: -12 R c +3(4)=0; R c =3(4)/12 R c = 1 k 

Shear V, found by vertical equilibrium, 2V=0 (upward +) 

right of a and left of b V=(H2\ V = 2k 

right of b and left of c \ V = -1 k 

Bending moment M, found by equilibrium .SiVNO ^clockwise +) 

atS\ M = +2(0) M = 0k’ 

M=V^(4) M = 8 k’ 

Ut c\\ 7 ) M = +2(1 2)-3(8) M = 0 k' 

Bending stress fb is derived, referring to 4. Bending is resisted by the force couple C-T, 
with lever arm 2/3 d = distance between centroids of triangular stress blocks. OT= fb 
bd/4, M= C(2d/3) = (f b bd/4)(2d/3) = f b bd 2 /6, or 

fb= M/(bd 2 /6); where bd 2 /6 = S= Section Modulus for rectangular beam; thus 

f b = M/S 

For our beam: S= bd 2 /6= 4(12) 2 /6= S = 96 in 3 

f b = M/S= 8(1000)12/96 * f b = 1 000 psi 

* multiplying by 1000 converts kips to pounds, by 12 converts feet to inches. 

Shear stress f v is derived, referring to 4. Bending stress blocks pushing and pulling in 

opposite directions create horizontal shear stress. The maximum shear stress is f v =C/bx, 

where b = width and x = length of resisting shear plane. Shear at left support is V = R. 

Let M = bending moment at x, and fb= bending stress at x, then M = RX = VX, and 

fb=M/S=Vx/S. Substituting Vx/S for fb in C = fbbd/4, the compressive top force, yields 

C=(Vx/S)(bd/4). Thus f v =C/(bx) yields f v =(Vx/S)(bd/4)/(bx). Substituting bd 2 /6 for S yields 

. Vx bd/4 Vbd/4 6V 
f = = , or 

J v r t 2 / ✓- r 1 2 i2 is- a 1 1 


bd / 6 


b 2 d 2 / 6 


f v =1.5V/bd 

For the sample beam: f v = 1.5(2)1000/(4x12) 


fv = 63 psi 
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Equilibrium Method 

Cantilever beam with point load 

Assume a beam of length L = 10 ft, supporting a load P = 2 k. The beam bending 
moment and shear force may be computed, like the external reactions, by equations of 
equilibrium 21-1=0, 2 V= 0, and 2M=0. Bending moment and shear force cause bending- 
and shear stress, similar to axial load yielding axial stress f= P/A. Formulas for bending- 
and shear stress are given on the next page and derived later in this chapter. 

1 Cantilever beam with concentrated load 
V Shear diagram (shear force at any point along beam) 

M Bending moment diagram (bending moment at any poiritaiongBeem) 


A Deflection diagram (exaggerated for clarity) 

Reactions, found by equilibrium (up L ) and 2!V!=0 (clockwise +) 
at b 2V= 0 = 

atb2MA8/c M— 2(10)= 0 

py ve rtical equilibrium, 2V=0 (up +) 


d /x\\r YWr; 

Shear V, found L 
right of a = left of b 


V= 0-2 


R = 2 k 
M = 20 k' 


V = - 2 k 


Left of a and right of b, shear is zero because there is no beam to resist it (reaction at b 
reduces shear to zero). Shear may be checked, considering it starts and stops with zero. 
Concentrated loads or reactions change shear from left to right of them. Without load 
between a and b (beam DL assumed negligible) shear is constant. 

Bending moment M, found by moment equilibrium, 2M=0 (clockwise +) 

at a M = -2(0) = 0 k’ 

at mid-span M = -2(5) = -10 k’ 

at b M = -2(10) = -20 k' 

The mid-span moment being half the moment at b implies linear distribution. The support 
reaction moment is equal and opposite to the beam moment. 


Deflection A is described later. Diagrams visualize positive and negative bending by 
concave and convex curvature, respectively. They are drawn, visualizing a highly flexible 
beam, and may be used to verify bending. 
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Simple beam with uniform load 

1 Beam of L= 20 ft span, with uniformly distributed load w = 1 00 plf 

2 Free-body diagram of partial beam x units long 

3 Shear diagram 

4 Bending moment diagram 

To find the distribution of shear and bending along the beam, we investigate the beam at 
intervals of 5’, from left to right. This is not normally required. 

Reactions R are half the load on each support due to symmetry 
R= w L/2 = 1 00 (20)/2 R= +1000 lbs 

Shear force V x at any distance x from left is found using X V = 0 
XV = 0; R-wx-V x = 0; solving for V x 


V x = R - w x 

at x = O' V = 0 + R a = 0 +1000 

at x = 5' V = + 1000-100(5) 

at x = 10’ V = + 1000- 100 (10) 

at x = 1 5’ V = + 1000-100(15) 

at x = 20’ V = + 1000 - 1fltt(zb) 

Bending moment rfi> at any distance x from left is found by X M = 0. 
Rx-wrfx/2) - M x = 0; solving for M x 


V = +1000 lbs 

V = +500 lbs 

V = 0 lbs 

V = -500 lbs 
V = -1000 lbs 


Bending 


M x = R x - w x 2 / 2 


at x = 0 M = 1000 (0) - 100 (0) 2 /2 M = 0 Ib-ft 

at x = 5’ M = 1000 (5) - 1 00 (5) 2 /2 M = 3750 Ib-ft 

atx= 10’ M = 1000 (10J-100 (10) 2 /2 M = 5000 Ib-ft 

at x = 15’ M = 1000 (15)-100 (15) 2 /2 M = 3750 Ib-ft 

at x = 20’ M = 1000 (20)- 100 (20) 2 /2 M = 0 Ib-ft 

Bending is zero at both supports since pins and rollers have no moment resistance. 
Since the bending formula M x = Rx-wx 2 /2 is quadratic, bending increase is quadratic 
(parabolic curve) toward maximum at center, and decreases to zero at the right support. 
For simple beams with uniform load the maximum shear force is at the supports and the 
maximum bending moment at mid-span (x= L/2) are: 

Vmax = R = W L / 2 

Mmax = (wL/2)L/2 - (wL/2)L/4 = 2wL 2 /8 - wL 2 /8, or 

Mmax = WL 2 /8 

This formula is only for simple beams with uniform load. Verifying example: 

Mmax= wL 2 /8 = 100(20)2/8 Mmax = +5000 Ibs-ft (same as above) 


M = 0 Ib-ft 
M = 3750 Ib-ft 
M = 5000 Ib-ft 
M = 3750 Ib-ft 
M = 0 Ib-ft 
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Area Method 

The area method for beam design simplifies computation of shear forces and bending 
moments and is derived, referring to the following diagrams: 

1 Load diagram on beam 

2 Beam diagram 

3 Shear diagram 

4 Bending diagram 

The area method may be stated: 


• The shear at any point n is equal to the shear at point m plus the area of the load 
diagram between m and n. 

• The bending moment at any point n is equal to the moment at point m plus the area 
of the shear diagram between m and n. 


The shear force is derived using vertical equilibrium: 


X V = 0; Vm-wx-V n = 0; 

V n = Vm-WX 


m 


solving 


§@ 


where w V is the load area bewveen m and n (downward load w = negative). 
\ ^n&pendirtg moment is derived using moment equilibrium: 

XM = 0; M m + VmX-wx x/2 - M n = 0; solving for M n 


M n = M m +V m x-wx 2 /2 

where V m x - wx 2 /2 is the shear area between m and n, namely, the rectangle V m x less 
the triangle w x 2 /2. This relationship may also be stated as 
M n = M m + Vx, where V is the average shear between m and n. 

By the area method moments are usually equal to the area of one or more rectangles 
and/or triangles. It is best to first compute and draw the shear diagram and then 
compute the moments as the area of the shear diagram. 

From the diagrams and derivation we may conclude: 

• Positive shear implies increasing bending moment. 

• Zero shear (change from + to -) implies peak bending moment 
(useful to locate maximum bending moment). 

• Negative shear implies decreasing bending moment. 

Even though the forgoing is for uniform load, it applies to concentrated load and non- 
uniform load as well. The derivation for such loads is similar. 
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Examples 

The following wood beams demonstrate the area method for design and analysis. For 
design, a beam is sized for given loads; for analysis, stresses are checked against 
allowable limits, or how much load a beam can carry. 

Beam design 

V Shear diagram. 

M Bending diagram. 

A Deflection diagram. 

I Inflection point (change from + to - bending). 

Reactions 

R= 400plf (24)/2 R = 4800 lbs 



Shear 
Va = 0 

Vbi = 0 -400(5) 

Vbr = -2000 + 4800 
Vd = +2800 -400(14) 

Vcr = -2800 + 4800 
V d = +2000 -400(5) 

Viomeift \ 

Ma =$ 

IVib = 0 -2000 (5)/2 
M b -c= -5000+ 2800 (7)/2 
Me = +4800 - 2800 (7)/2 
Md = - 5000+ 2000 ( 5)12 

Try 4x10 beam 

S= (3.5) 9.25 2 /6 

Bending stress 
f b = Mmax/S- 5000 (12)/50 


Shear stress 

f v = 1.5V/bd=1.5(2800)/[3.5(9.25)] 


Try 6x10 beam 



C3 



f» = 1.5V/bd=1.5 (2800)/[5.5 (9.25)] 


Va = 0 lbs 
\\£N -2000 lbs 
Vbr” +2800 lbs 

Vci= -2800 lbs 
Vcr =+2000 lbs 
Vd= 0 lbs, ok 


Mb = -5000 Ib-ft 

M b -c= +4800 Ib-ft 
M c = -5000 Ib-ft 
Md = 0, ok 


S = 50 in 3 


fb = 1200 psi 
1200 < 1450, ok 


fv = 130 psi 
130 >95, not ok 


fv= 83 psi 
83 < 95, ok 


Note: increased beam width is most effective to reduce shear stress; but increased depth 
is most effective to reduce bending stress. 
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Beam analysis 

Reactions 

Z M c = 0 = +16 R b - 1000 (20) - 300 (4) 18 - 200 (16) 8 
16 R b = 1000(20) + 300 (4) 18 + 200 (16) 8 
Rb = (20000 + 21600 + 25600)/16 
2 M b = 0 = -16 R c -1000(4) - 300(4)2 + 200(16)8 
16 R c = -1000(4) - 300(4)2 + 200(16) 8 
R c = (-4000 -2400 + 25600)/16 = 


Shear 

Var = 0-1000 
Vbi = -1000 -300 (4) 

Vbr = -2200 + 4200 
Vd = +2000 - 200(16) = -R c 
Vcr = -1200 + 1200 


Find x, where shear = 0 and bending - max mu.iv 
Vbr-w 2 x = 0; x = Vbr/W 2 = 2000/200 
MomenlU 

Mb = 0 + 4 (-1000 -2200J/2 
Ms = -6400 + 10 (2000)/2 
Me = +3600 + (1 6-1 0)(-1 200)/2 


Section modulus 
S = bd 2 /6 = (3.5)1 1.25 2 /6 


Bending stress 
f b = M/S= 6400(1 2)/74 


Shear stress 

f v = 1.5V/(bd) = 1.5(2200)/[3. 5(1 1.25)] 


R b = +4200 lbs 



Mb =-6400 Ib-ft 

M x = +3600 Ib-ft 

Me = 0 


S = 74 in 3 


fb = 1038 psi 
1038 < 1450, ok 


fv = 84 psi 
84 < 95 = ok 


Note: stress is figured, using absolute maximum bending and shear, regardless if positive 
or negative. Lumber sizes are nominal, yet actual sizes are used for computation. 
Actual sizes are 14 in. less for lumber up to 6 in. nominal and % in. less for larger sizes: 
4x8 nominal is 314x7% in. actual. 


Note: in the above two beams shear stress is more critical (closer to the allowable stress) 
than bending stress, because negative cantilever moments partly reduces positive 
moments. 
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Indeterminate beams 

Indeterminate beams include beams with fixed-end (moment resistant) supports and 
beams of more than two supports, referred to as continuous beams. The design of 
statically indeterminate beams cannot be done by static equations alone. However, 
bending coefficients, derived by mechanics, may be used for analysis of typical beams. 
The bending moment is computed, multiplying the bending coefficients by the total load 
W and span L between supports. For continuous beams, the method is limited to beams 
of equal spans for all bays. The coefficients here assume all bays are loaded. 
Coefficients for alternating live load on some bays and combined dead load plus live load 
on others, which may result in greater bending moments, are in Appendix A. Appendix A 
also has coefficients for other load conditions, such as various point loads. The equation 
for bending moments by bending coefficients is: 


M = C L W 


W=wL 




.07WL 

^rTTTm>, 


^TTlUnfrV 


07WL 




M = 

c = 

L = 
W ■ 
w = 




: bending moment 
bending coefficient 
span between support? j 
: w L (total load per bay) 
uniform load in plf (pounds /pear foot 

Simple beam 
Fixed-end beam 

(combined positive plus negative moments equal the simple-beam moment) 
Two-span beam 
Three-span beam 


W=wL 
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Flexure Formula 

The flexure formula gives the internal bending stress caused by an external moment on a 
beam or other bending member of homogeneous material. It is derived here for a 
rectangular beam but is valid for any shape. 

1 Unloaded beam with hatched square 

2 Beam subject to bending with hatched square deformed 

3 Stress diagram of deformed beam subject to bending 

Referring to the diagram, a beam subject to positive bending assumes a concave 
curvature (circular under pure bending). As illustrated by the hatched square, the top 
shortens and the bottom elongates, causing compressive stress on the top and tensile 
stress on the bottom. Assuming stress varies linearly with strain, stress distribution over 
the beam depth is proportional to strain deformation. Thus stress varies linearly over the 
depth of the beam and is zero at the neutral axis (NA). The bending stress f y at any 
distance y from the neutral axis is found, considering similar triangles, namely f y relates 
to y as f relates to c; f is the maximum bending stress at top or bot\aiAjnj c the distance 
from the Neutral Axis, namely Solving for f y yieffeV 

fy = yf/c 

To satisfy equilibrium, the beam rSqtiires an internal resisting moment that is equal and 
opposite to the external bending moment. The internal resisting moment is the sum of all 
partial forces F rotating around the neutral axis with a lever arm of length y to balance the 
external moment. Each partial force F is the product of stress f y and the partial area a on 
which it acts, F = a f y . Substituting f y = y f / c, defined above, yields F = a y f / c. Since 
the internal resisting moment M is the sum of all forces F times their lever arm y to the 
neutral axis, M = F y = (f/c) 2 y y a = (f/c) 2 y 2 a, or M = I f/c, where the term 2y 2 a is 
defined as moment of inertia (I = 2y 2 a) for convenience. In formal calculus the 
summation of area a is replaced by integration of the differential area da, an infinitely 
small area: 

I = j y 2 da I = moment of inertia. 

The internal resisting moment equation M = I f/c solved for stress f yields 
f=Mc/l the flexure formula, 

which gives the bending stress f at any distance c from the neutral axis. A simpler form 
is used to compute the maximum fiber stress as derived before. Assuming c as 
maximum fiber distance from the neutral axis yields: 

f = M / S S = l/c = section modulus 

Both the moment of inertia I and section modulus S define the strength of a cross-section 
regarding its geometric form. 
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Section modulus 

Rectangular beams of homogeneous material, such as wood, are common in practice. 
The section modulus for such beams is derived here. 


1 Stress block in rectangular beam under positive bending. 

2 Large stress block and lever-arm of a joist in typical upright position. 

3 Small, inefficient, stress block and lever-arm of a joist laid flat. 


Referring to 1, the section modulus for a rectangular beam of homogeneous material 
may be derived as follows. The force couple C and T rotate about the neutral axis to 
provide the internal resisting moment. C and T act at the center of mass of their 
respective triangular stress block at d/3 from the neutral axis. The magnitude of C and T 
is the volume of the upper and lower stress block, respectively. 


C = T = (f/2) (bd/2) = f b d/4. 

The internal resisting moment is the sum of C and T times the^Fhespecl've lever arm, d/3, 
to the neutral axis. Hence 

M = C d/3 + T d/3. Substituting (£ 

M = 2 (f bd/4) d/3 = f bd 2 /6, or M = f S , 

where S -■ bd 2 /6, defined as the section modulus for rectangular beams of homogeneous 
r.iaferig. v 

S = bd 2 /6 


Solving M = f S for f yields the maximum bending stress as defined before: 


f = M/S 

This formula is valid for homogeneous beams of any shape; but the formula S = bd 2 /6 is 
valid for rectangular beams only. For other shapes S can be computed as S = I /c as 
defined before for the flexure formula. The moment of inertia I for various common 
shapes is given in Appendix A. 

Comparing a joist of 2”x12” in upright and flat position as illustrated in 2 and 3 yields an 
interesting observation: 

S = 2x12 2 /6 = 48 in 3 for the upright joist 

S = 12x2 2 /6 = 8 in 3 for the flat joist. 

The upright joist is six times stronger than the flat joist of equal cross-section. This 
demonstrates the importance of correct orientation of bending members, such as beams 
or moment frames. 
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Moment of inertia 

The formula for the moment of inertia l=Iy 2 da reveals that the resistance of any 
differential area da increases with its distance y from the neutral axis squared, forming a 
parabolic distribution. For a beam of rectangular cross-section, the resistance of top and 
bottom fibers with distance y = d/2 from the neutral axis is (d/2) 2 . Thus, the moment of 
inertia, as geometric resistance, is the volume of all fibers under a parabolic surface, 
which is 1/3 the volume of a cube of equal dimensions, or 1= bd (d/2) 2 /3, or 

I = bd 3 / 1 2 (for rectangular beams only) 


the moment of inertia of a rectangular beam of homogeneous material. A formal calculus 
derivation of this formula is given in Appendix A. The section modulus gives only the 
maximum bending stress, but the moment of inertia gives the stress at any distance c 
from the neutral axis as f= Mc/I. This is useful, for example, for bending elements of 
asymmetrical cross-section, such as T- and L-shapes. 



Bending stress distribution over beam cross-section 

Moment of inertia visualized as volume under paraboiic surface 

T-bar with asymmetrical sties:;: ma^lstress at 02 from the neutral axis 

Angle ear with asymmetrical stress distribution about x, y, and z-axes: maximum 

resistance about x-axis and minimum resistance about z-axis 


6-16 FUNDAMENTALS: Bending 










Shear stress 

The distribution of shear stress over the cross-section of beams is derived, referring to a 
beam part of length x marked on diagrams. Even though horizontal and vertical shear 
are equal at any part of a beam, horizontal shear stress is derived here because it is 
much more critical in wood due to horizontal fiber direction. 

1 Beam, shear and bending diagrams with marked part of length x 

2 Beam part with bending stress pushing and pulling to cause shear 

3 Beam part with bending stress above an arbitrary shear plane 

Let M be the differential bending moment between m and n. M is equal to the shear area 
between m and n (area method), thus M = V x. Substituting V x for M in the flexure 
formula f= M c /I yields bending stress f= V x c/I in terms of shear. The differential 
bending stress between m and n pushes top and bottom fibers in opposite directions, 
causing shear stress. At any shear plane yi from the neutral axis of the beam the sum of 
shear stress above this plane yields a force F that equals average stress f y times the 
cross section area A above the shear plane. F - A f y . The average stress iVjsJaund from 
similar triangles; f y relates to y as„f rentes to c, i.'e.J^y •• i/c; iqu§j y - f y/c. Since f= Vx 
c/I, substituting V x c/I for f yields f, fV^kV/y y/fc = V x y/l. Since F = A f y , it follows that 
F = A V x\y/l. The horizontal shear stress),'/ equals the force F divided by the area of the 
shear plane; 

V - F/(x b> = A V x v/(l x b) = V A y/(l b) 

The term A y is defined as Q, the first static moment of the area above the shear plane 
times the lever arm from its centroid to the neutral axis of the entire cross-section. 
Substituting Q for A y yields the working formula 

V = V Q / (I b) (shear stress) 

v = horizontal shear stress. 

Q = static moment (area above shear plane times distance from centroid of that area to 
the neutral axis of the entire cross-section 
I = moment of Inertia of entire cross section 
b = width of shear plane 

The formula for shear stress can also be stated as shear flow q, measured in force per 
unit length (pound per linear inch, kip per linear inch, or similar metric units); hence 

q = V Q / 1 (shear flow) 

q = force per unit length 
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Shear stress in wood and steel beams 

Based on the forgoing general derivation of shear stress, the formulas for shear stress in 
rectangular wood beams and flanged steel beams is derived here. The maximum stress 
in those beams is customarily defined as f v instead of v in the general shear formula. 

1 Shear at neutral axis of rectangular beam (maximum stress), 

Q = Ay = (bd/2) d/4, or 

Q = bd 2 /8 (Note: d 2 implies parabolic distribution) 

I = bd 3 /12, hence 

v = VQ/I b = V (bd 2 /8) / [(bd 2 /12)b] = f v , or 

fv = 1.5 V/ (bd) 

Note: this is the same formula derived for maximum shear stress bef§r§\ 

2 Shear stress at the bottom of rectangular beam. iWote that v-- 0 simp the centroid 
of the area above the shear plarte-^bo. torr' ) coincides wiimiBj noutial axis of the 
entire section. Thus Of Ay = (od/2) 0 - 0, hence 

v = V 0/(1 b) = 0 = tv, thus 


o 

l (fisM^:\mi 
^Xjfeiow tl if 

n r> i_ 


this confirms an intuitive interpretation that suggests zero stress since no fibers 
'trie beam could resist shear 


3 Shear stress at top of rectangular beam. Note A = Ob = 0 since the depth of the 
shear area above the top of the beam is zero. Thus 

Q = Ay = 0 d/2 = 0, hence v = V 0/(1 b) = 0 = fv, thus 

fv= 0 

Note: this, too, confirms an intuitive interpretation that suggests zero stress since no 
fibers above the beam top could resist shear. 

4 Shear stress distribution over a rectangular section is parabolic as implied by the 
formula Q=bd 2 /8 derived above. 

5 Shear stress in a steel beam is minimal in the flanges and parabolic over the web. 
The formula v = VQ/(I b) results in a small stress in the flanges since the width b of 
flanges is much greater than the web thickness. However, for convenience, shear 
stress in steel beams is computed as “average” by the simplified formula: 

fv = V/A v 

fv = shear stress in steel beam 

V = shear force at section investigated 

A v = shear area, defined as web thickness times beam depth 
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Shear stress in wood I-beam 

Since this is not a rectangular beam, shear stress must be computed by the general 
shear formula. The maximum shear stress at the neutral axis as well as shear stress at 
the intersection between flange and web (shear plane As) will be computed. The latter 
gives the shear stress in the glued connection. To compare shear- and bending stress 
the latter is also computed. 

1 Beam of L= 10 ft length, with uniform load w= 280plf (W = 2800 lbs) 

2 Cross-section of wood I-beam 

Shear force V= W/2 = 2800/2 V = 1 400 lbs 


Bending moment M=WL/8 = 2800(1 0)/8 


M = 3500 lb’ 


For the formula v= VQ/(lb) we must find the moment of inertia of the entire cross-section. 
We could use the parallel axis theorem of Appendix A. However, due/tS^ymmetry, a 
simplified formula is possible, finding the moment of inertia for The overall dimensions as 
rectangular beam minus that for two rectangles on both sides of tie web. 


I = (BD 3 - bd 3 )/12 = [6(10)V2(apwf 
Bending stress fb= Mc/I = 3500(1 2}5/iW) 


Note c-- 


I = 428 in 4 

fb = 491 psi 
491 < 1450, ok 


10/2'^fjfhaSf the beam depth due to symmetry) 


v = 79 psi 


Q = 57 in 3 


Static moment Q of flange about the neutral axis: 

Q = Ay = 6(2)4 Q = 48 in 3 

Shear stress at flange/web intersection: 

v = VQ/(lb) = 1 400(48)/[428(2)] v = 79 psi 

Static moment Q of flange plus upper half of web about the neutral axis 
Q = ZAy = 6(2)4 + 2(3)1. 5 Q = 57in 3 

Maximum shear stress at neutral axis: 

v = VQ/(lb) = 1 400(57)/[428(2)] v = 93 psi <95, ok 

Note: Maximum shear stress reaches almost the allowable stress limit, but bending 
stress is well below allowable bending stress because the beam is very short. We can 
try at what span the beam approaches allowable stress, assuming L= 30 ft, using the 
same total load W = 2800 lbs to keep shear stress constant: 

M= WL/8 = 2800(30)/8 M = 1 0500 Ib-ft 

f b = Mc/I = 10500(12)5/428 % = 1472 psi 

1472 >1450, not ok 

At 30 ft span bending stress is just over the allowable stress of 1450 psi. This shows that 
in short beams shear governs, but in long beams bending or deflection governs. 
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Shear stress in steel beam 

This beam, supporting a column point load of 96 k over a door, is a composite beam 
consisting of a wide-flange base beam with 8x14 in plates welded to top and bottom 
flanges. The beam is analyzed with and without plates. As shown before, for steel 
beams shear stress is assumed to be resisted by the web only, computed as f v = V/A v . 
The base beam is a W10x49 [10 in (254 mm) nominal depth, 49 Ibs/ft (6.77 kg/m) DL] 
with a moment of inertia lxx= 272 in 4 (11322 cm 4 ) (see Appendix). Shear in the welds 
connecting the plates to the beam is found using the shear flow formula q = VQ/(I). 

1 Beam of L= 6 ft (1 .83 m) span with P = 96 k point load 

2 Composite wide-flange beam W1 0x49 with 8x14 inch stiffener plates 

Shear force V = P/2 = 96/2 V = 48k 


Bending moment M = 48(3) 

Wide-flange beam 

Shear area of web A v = web thickness x beam depth 
A- 0.34(10) 

Shear stress fv = V/A v = 48/3,4 
BenQir^sleC^F Mc/I = 144(12)5.5/272 


M = 144 k' 


Av = 3.4 in 2 

f v = 14 ksi 
14 <14.5, ok 

fb = 35 ksi 
35 >22, not ok 


Since the beam would fail in bending, a composite beam is used. 

Composite beam 

Moment of inertia l=E(loo+Ay 2 ) (see parallel axis theorem in Appendix A) 
1= 272+2(8)0.53/12+2(8)0.5(5.25) 2 
Bending stress fb= Mc/I = 144(12)5/493 


I = 493 in 4 

fb = 19 ksi 
19 <22, ok 


Since the shear force remains unchanged, the web shear stress is still ok. 

Shear flow q in welded plate connection 
Q= Ay = 8(.5)5.25 = 21 in 2 

qtot = VQ/I = 48(21 )/493 q to t = 2k/in 

Since there are two welds, each resists half the total shear flow 

q = qtot/2 q = Ik/in 

Assume % in weld of 3.2 k/in * strength 1 < 3.2, ok 

* see AISC weld strength table 

Note: in this steel beam, bending is stress is more critical than shear stress; this is typical 
for steel beams, except very short ones. 
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Deflection formulas 

Based on the moment-area method, the following formulas for slope and deflection are 
derived for beams of common load and support conditions. Additional formulas are 
provided in Appendix A. Although downward deflection would theoretically be negative, it 
is customary to ignore the sign convention and define up- or downward deflection by 
inspection. The angle 0 is the slope of the tangent to the elastic curve at the free end for 
cantilever beams and at supports for simple beams; A is the maximum deflection for all 
cases. As derived before, 0 is the area of the bending moment diagram divided by El, 
the elastic modulus and moment of inertia, respectively; A equals 0 times the lever-arm 
from the centroid of the bending moment diagram between zero and maximum deflection 
to the point where 0 is maximum. 


Cantilever beam with point load; 


0 = (PL)(L/2)/(Ei'\ A= 0 2/3 L 


0= 1/2 PL 2 /(EI) 

A= 1/3 PL 3 /(EI) 

Cantilever beam with uniform loasA 
0- 1/6 WU'(EI) 

A= \sw$(El) 

Simple beam with point load; 

0= 1/16 PL 2 /(EI) 

A= 1/48 PL 3 /(EI) 

Simple beam with uniform load; 

0= 1/24 WL 2 /(EI) 

A= 5/384 WL 3 /(EI) 





= (WL/2)(L/3)/(EI), A= 0 3/4 L 


0 = (PL/4)(L/4)/(EI), A= 0 1/3 L 


0 = (WL/8)(2/3 L/2)/(EI), A= 0 5/16 L 
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Typical beam diagrams 

Deflection, shear, and bending diagrams are shown here for typical beams. The beam 
with deflection and load diagrams are drawn on top with shear and bending diagrams 
shown below. With experience, these diagrams may be drawn by visual inspection prior 
to computing. This is useful to verify computations and develop an intuitive sense and 
visualization regarding shear and bending on beams. The deflection diagram is drawn, 
visualizing the deflection of a thin board, flexible ruler, or similar device. It is drawn 
grossly exaggerated to be visible. The shear diagram is drawn at a convenient force 
scale left to right, starting with zero shear to the left of the beam. Downward uniform load 
yields downward sloping shear. Downward point loads are drawn as downward offset, 
and upward reactions yield upward offset. Bending diagrams are drawn, considering the 
area method; namely, bending at any point is equal to the area of the shear diagram up 
to that point. Both, shear and bending must be zero to the right of the right Seam end. To 
satisfy this, requires a certain amount of forward thinking and, in complex cases, even 
working backward from right to left as well as left to right 

1 Cantilever beam with point lopdfoA \\ 

2 Cantilever beam with unifo© load 

3 Cantilever beam with mixed icad 

4 'Simple beam with point loads 

5 Simple beam with uniform load 

6 Simpie beam with mixed load 

7 Beam with one overhang and point load 

8 Beam with one overhang and uniform load 

9 Beam with one overhang and mixed load 

10 Beam with two overhangs and point loads 

1 1 Beam with two overhangs and uniform load 

12 Beam with two overhangs and mixed load 
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Lateral loads, acting primarily horizontally, include: 

• Wind load 

• Seismic load 

• Earth pressure on retaining walls (not included in this book) 

Wind and earthquakes are the most devastating forces of nature: 

Hurricane Andrew 1992, with gusts of 170 mph, devastated 300 square miles, left 
300,000 homeless, caused about $ 25 billion damage, and damaged 100,000 homes 

The 1976 Tangshan Earthquake (magnitude 7.8), obliterating the city in northeast China 
and killing over 240,000 people, was the most devastating earthquake of the 20 th century. 
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Location 
Hawaii 
Puerto Rico 
Guam 

Virgin Islands 
American Samoa 


V mph (m/s) 


IBC Fig. 1609. Basic wind speed (3-second gust) 

Map values are nominal design 3-second gust wind speeds in mph (m/s) at 33 ft (1 
above ground for Exposure C. Mountains, gorges, ocean promontories, and speciifiWir.d 
regions shall be examined for special wind conditions. 


Steady winds are static 


Gusty winds are dynamic 


Design for Wind 

Wind forces are very complex, effected by building form, height, flexibility and openness, 
as well as topography, environment, wind velocity and direction. Tornadoes are the most 
destructive. United States tornados occur between Rocky mountains and Appalachian 
mountains with speeds over 200 mph. However, the probability of any building to be hit 
is remote. Hurricanes along the Atlantic coast range from 90 to 150 mph. Typhoons, 
similar to hurricanes, occur in the Pacific, Indian Ocean, Arabian Sea, and Australia. 


Wind speed increases with height. Wind load is defined by speed, both constant velocity 
and dynamic gusts. As air moves along the earth it is slowed near the ground due to 
friction, which also makes wind more erratic. Wind speed is less in cities but gusts are 
greater. When wind encounters a building it flows around and over it, causing pressure 
on the windward side, negative suction on the leeward side and side walls and pressure 
or suction on the roof. Flat roofs and leeward slopes are subject to Vuotil'rx as well as 
shallow windward slopes, but steep windward roofs hsve pressure. Wind few is effected 
by form; square plans have greater pressure than round ones. Forms like aircraft wings 
streamline air flow with least resistance. Buildings drift in wind and vibrate in gusts. 
Wind pressure on edges, ridges and eaves is greater than the mean surface pressure. 
This is important f or cladding and cuitain walls. 


Wind design methods assume pressure increases with height. However, wind tunnel 
tests show maximum wind pressure at about 2/3 the building height, reducing toward the 
top due to air flow over the roof. Regular buildings are designed for wind in two 
orthogonal directions. Unusual forms may require to investigate other directions, such as 
45 degrees. Unusual forms may also require wind tunnel tests. For example wind tunnel 
tests for the unique Toronto City Hall showed wind load greater than required by code. 
Structures sensitive to dynamic behavior may also require wind tunnel tests. Wind 
resistance is effected by type of construction. Buildings of heavy material resist wind 
better than light buildings. Skeleton buildings with light curtain walls are more vulnerable 
to wind load than old bearing wall buildings. Flexible structures may sway and vibrate 
under wind gusts. 


Lateral drift is an important issue in tall buildings to assure human comfort and prevent 
damage or failure of curtain walls, partitions, and other architectural items. IBC tables 
1604.3 and 1617.3.1 limit allowable deflection and drift. However, less than code drift 
may be desirable to prevent damage or failure of curtain walls, partitions and other items 
and assure occupant comfort. Story drift of h/400 implies about 0.4 inch drift; greater 
drift could dislodge glass panels. Total drift of h/400 in a 60-story building implies about 
2 foot drift each way on top; more drift might cause discomfort for occupants. Given the 
complexity of computing drift, it is best analyzed by computer. 
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Wind load 

1 Wind load on gabled building 

2 Wind load on dome or vault 

3 Protected buildings inside a city 

4 Exposed tall building inside a city 

5 Wind flow around and above exposed building 

6 Wind speed amplified by building configuration 


Wind channeled between buildings causes a Venturi effect of increased wind speed. Air 
movement through buildings causes internal pressure that effects curtain walls and 
cladding design. Internal pressure has a balloon-like effect, acting outward if the wind 
enters primarily on the windward side. Openings on leeward or side walls cause inward 
pressure. In tall buildings with fixed curtain wall the difference between outside wind 
pressure and interior pressure causes air movement from high pressure (eiow pressure. 
This causes air infiltration on the windward side and outflow on the leeward side. In high- 
rise buildings, warm air moving from lower to upper levels causes pressures at top levels 
on the leeward face and negative suction on 'ower levels. Wind pressure is based on the 
equation developed by Daniel Bernoulli ('1700-17825? -or steady air flow of velocity V, 
the velocity pressure, q, on a rigid body is 


; ar density (air weight divided by the acceleration of gravity g = 32.2 ft/sec 2 ) 

■ of 1 5°C at sea level weighs 0.0765 lb/ft 3 , which yields: 


q = 0.00256V 2 


(q in psf) 


The American National Standards Institute (ANSI) Minimum design toads for buildings 
and other structures (ANSI A58.1 - 1982), converted dynamic pressure to velocity 
pressure q z (psf) at height z as 


q z = 0.00256 K z (I V) 2 


K z = 2.58(z/z g ) 2,a (for buildings of 15 ft or higher) 

a = Power coefficient (see exposures A - D below) 

Z = Height above ground 

Z g = Height at which ground friction no longer effects the wind speed 

(see exposures A - D below) 

I = Importance factor (see IBC table 1604.5) 


ANSI A58.1 defined exposures A, B, C, D (IBC uses B, C, D only): 

Exposure A Large city centers a = 3.0, Z g = 1 500 ft 

Exposure B Urban and suburban areas, wooded areas a = 4.5, Z g = 1200 ft 

Exposure C Flat, open country with minimal obstructions a = 7.0, Z g = 900 ft 

Exposure D Flat, unobstructed coastal areas a = 10.0, Z g = 700 ft 
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Wind effect 

A building in the path of wind causes wind pressure which in turn causes force, shear, 
and overturn moment at each level that must be resisted, following a load path to the 
foundations (wind wall pressure transfers to horizontal diaphragms, then to shear walls, 
finally to foundation). Wind pressure times tributary area per level causes lateral force 
per level. Shear per level, the sum of wind forces above, defines required resistance. 
Overturn moment per level is the sum of forces above times their height above the 
respective level. 

1 Wind force, shear, and overturn moment per level 

Fx = wind force = wind pressure times tributary area per level exposed to wind 
Vx = shear per level = sum of F x above 

M x = overturn moment = sum of all forces above times their distance above level x. 


Overturn effect 




Windward pressure increase with height 
Wind force 

F x f (windward pressure + ieeward suction) times tributary area per level 
(ieeward wind suction is assumed constant for full height) 

Fx = P A 

P = wind pressure and suction in psf (Pa) 

A = tributary area exposed to wind 

(tributary area = building width times half the story height above and below) 


5 Shear 

Wind shear per level = sum of all wind forces above 
Wind shear is the integration of wind forces above 

V x =ZFi 

i=x 


6 Overturn moment 

Overturn moment per level = sum of all forces above times their distance 
Overturn moment per level = integration of shear diagram above respective level 

K=t^rK) 

i=x 

Fi = Force at level i 
h i = height of level i 
h x = height of level x 
n = top level 
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Kz graph 

0 0.5 kz i.o 1.5 2.0 



Wind pressure 

ASCE 7 provides three methods to define wind pressure: 

Method 1 - Simplified Design (limited to mean roof height h < 60 ft [18 m]) 

Method 2 - Analytical Procedure (briefly described below) 

Method 3 - Wind-tunnel Procedure 

The Analytical Procedure includes figures and tables for wind speed, exposure, building 
form, roof slope, enclosure, dynamic behavior and topography. 


p = qG Cp — Cji(GCpi) 

q velocity pressure 

G gust factor 

G =0.85 

G =1.5 to 2.0 

C P Pressure coefficient 

C P = 0.8 

C P =-0.7 

C P =-0.2 to -0.5 

C P =-1.3 to + 0.4 

C P =-0.3 to -0.7 

GCpi Internal pressure factor 

GQnxfC 
GCpi = : it 0.18 

q = O.t'1256 i K z Kzt Kd V 2 

q = 0.613 I K z KztKdV 2 
V = wind speed in mph [m/s] 

I = Importance factor 
1 = 1 
1 = 1.15 
1 = 1.15 
I = 0.87 

Kzt Topography factor 
Kzt = 1 

Kd Directionality factor 
k d = 0.85 

Kz Exposure factor 
Kz graph (left): 


(ASCE 7 6. 5. 12. .2.1, minimum p = 10 psf [480 Pa]) 
(defined below) 

(ASCE 7, 6.5.8) 

(for rigid structures > 1 Hz, usually < 10 stories) 

(for fabric structures, depending on form, etc) 

(ASCE 7 figures and tables) 

(windward walls, varies with height z) 

(side walls - constant - based on heigh t h) 

(leeward walls - constant - based on heigh: h) 
(windward and flat roofs) 

(leewatd roof) 

r (ASCE'. 1 Pig. 6-5, based on highest opening) 

(open structures) 

(enclosed buildings) 

(Velocity pressure in psf) 

(SI units: velocity pressure in Pa) 

| (IBC Fig. 1609 wind speed map or local data) 

(IBC table 1604.5) 

(all structures not listed below) 

(essential facilities: hospitals, police and fire stations) 
(facilities presenting hazards to human life) 
(agricultural and some temporary facilities) 

(ASCE 7 Fig. 6.4) 

(for regular flat sites, assumed in graphs) 

(ASCE 7 Table 6-4) 

(for building structures) 

(ASCE 7 Table 6-3) 


Kz graph (left): (Exposure B cladding minimum Kz = 0.7) 

B = Exposure B, inner city, protected by other buildings or trees 
C = Exposure C, open area, unprotected buildings 
D = Exposure D, near ocean or large lakes 
The following graphs assume: 

Regular flat sites (Kzt =1) 

Interior, leeward, and side wall pressure, constant, based on height h 
Positive values for pressure, negative values for suction 
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Lxposure C wind pressure for 10' to 100' height and 85 to 1 50 mph wind speed 



Windward pressure (psf) 




Example: Wood shear walls 

Assume: 66’x120’x27’ high, 3 shear walls, L=3x30’=90’, wind speed 90 mph, exposure C, 
Importance factor 1 = 1, gust factor G = 0.85 (ASCE 7, 6.5.8 for rigid structures > 1 Hz) 
For each level in width direction find: wind pressure P, force F, shear V, shear wall type 
Interior pressure (from graph for h = 30') p = 3.1 psf 

Leeward suction (from graph for h = 30’ P= 7.3 psf 


Level 3 (h = 29 - use 30’ pressure) 

Wind pressure (windward + leeward + interior) 

p = 11.7+7.3 + 3.1 p = 22.1 psf 


Force F = 22.1x120x1072 
Shear V = F 

Required wall strength = 13,260 / 90’ = 147 plf; use 5/16”, 6d at 6” 

Level 2 (h = 19’ - use 20’ pressure) 
p = 10.8+7.3+3.1 
Force F = 21 .2x120x10’ 

Shear V= 13,260 + 25,440 
Required wali strength = 38,700 > 

(h = 9’ -use 10’ pressure’) 

J+W+3.1 

Force F = 23.7x120x10’ 

Shear V = 38,700 + 24,720 

Required strength = 63,420 / 90’ = 705 plf; use 15/32”, 8d at 2” 



i plf; use 15/32”, 8d at 4” 


F = 13,260# 

V = 13,260# 
200 > 147 

21.2 psf 
F = 25,440 # 

V = 38,700# 
430 = 430 

p = 20.6 psf 
F = 24,720 # 

V = 63.420# 
730 > 705 


Note: 

The results are very similar to 9.1 with less computation 
See Appendix C for exposure B and D graphs 


IBC table 2306.4.1 excerpts 

Allowable shear for wood panels with Douglas-Fir-Large or Southern Pine 






Nail s 

pacing at panel edge (inches) 

Panel 

grade 

Panel 

thickness 

Nail 

penetration 

Nail size 

6 

4 | 3 

2 

Allowable shear (lbs / foot 


Structural 1 
sheathing 

5/16 in 

1 1/4 in 

6d 

200 

300 

390 

510 

3/8 in 

1 3/8 in 

8d 

230 

360 

460 

610 

7/16 in 

1 3/8 in 

8d 

255 

395 

505 

670 

15/32 in 

1 3/8 in 

8d 

280 

430 

550 

730 

1 1/2 in 

1 0d 

340 

510 

665 

870 


* Requires 3 x framing and staggered nailing 
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Interior pressure (psf) 


□ 


I 




Example: CMU shear walls 

Assume: Regular flat site 

Office building: 6-story, 90’x90’x60', 30’x30’ core 

30’ CMU walls, 8” nominal (7.625”) 

Shear wall length L = 2 x (30 - 6’ doors) = 48' 

Shear walls resist all lateral load 

Roof fabric canopy, 50’x50’x1 O’, gust factor G = 1.8 

Wind speed V = 100 mph 

Exposure D 

Importance factor I = 1 


Interior pressure (assume conservative opening height h = 60' 
Leeward pressure (for h = 60’) 

P = 12.1 psf + 5.1 psf 
Average windward pressure (h = 10 to 60 
P = (15.2+16.0+17.2+18.1+18.8+19.4); 

Average combined wind prtssifeY 
P = 17.5+17.2+5.1 

Roof canopy pressure P canopy = (12.1 j(i .8) 

Base shear 

V = A P = 90' X (G0’-S0 x 39.8 + (50’x10’/2)x21.8 
Cure shear stress 

v =V/A = 202,460 / (48’x12”x7.625”) 


p = 5.1 psf 




V = 202,460 # 
v = 46 psi 


Note: 

Wind on lower half of first floor, resisted by footing, has no effect on shear walls 
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DESIGN METHODS 


Lateral Force Design 



Seismic Design 

Earthquakes are caused primarily by release of shear stress in seismic faults, such as 
the San Andreas fault, that separates the Pacific plate from the North American plate, 
two of the plates that make up the earth’s crust according to the plate tectonics theory. 
Plates move with respect to each other at rates of about 2-5 cm per year, building up 
stress in the process. When stress exceeds the soil’s shear capacity, the plates slip and 
cause earthquakes. The point of slippage is called the hypocenter or focus, the point on 
the surface above is called the epicenter. Ground waves propagate in radial pattern from 
the focus. The radial waves cause shaking somewhat more vertical above the focus and 
more horizontal far away; yet irregular rock formations may deflect the ground waves in 
random patterns. The Northridge earthquake of January 17, 1994 caused unusually 
strong vertical acceleration because it occurred under the city. 

Occasionally earthquakes may occur within plates rather than at the edges, j^h's was the 
case with a series of strong earthquakes in New Madrid along the Mississippi River in 
Missouri in 1811-1812. Earthquakes a r e else caused by volcanic eruptions, underground 
explosions, or similar man- mace e rente 

Buildings are shaken by ground waves, but their inertia tends to resists the movement 
which causes lateral forces. The building mass (dead weight) and acceleration effects 
those forces. In response, structure height and stiffness, as well as soil type effect the 
response of buildings to the acceleration. For example, seismic forces for concrete shear 
walls (which are very stiff) are considered twice that of more flexible moment frames. As 
an analogy, the resilience of grass blades will prevent them from breaking in an 
earthquake; but when frozen in winter they would break because of increased stiffness. 

The cyclical nature of earthquakes causes dynamic forces that are best determined by 
dynamic analysis. However, given the complexity of dynamic analysis, many buildings of 
regular shape and height limits, as defined by codes, may be analyzed by a static force 
method, adapted from Newton’s law F= ma (Force = mass x acceleration). 

1 Seismic wave propagation and fault rupture 

2 Lateral slip fault 

3 Thrust fault 

4 Building overturn 

5 Building shear 

6 Bending of building (first mode) 

7 Bending of building (higher mode) 

E Epicenter 
H Hypocenter 


6 
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Richter scale method, courtesy US Geological Survey 


Seismic terms 

The following seismic terms are important to understanding seismic design: 

Period is the time interval of one cycle a wave or a building sways back and forth. 

A building period resonant with the earthquake period can cause collapse. 

Amplitude is the displacement of a wave perpendicular to the direction it moves 

Richter scale 

The Richter scale was developed in 1935 by Charles Richter of the California Institute of 
Technology to compare the magnitude of earthquakes. The Richter scale is determined 
from the logarithm of the amplitude of waves recorded by seismographs; adjusted for the 
distance to the earthquake epicenter. The Richter Scale gives magnitude in whole 
numbers and decimal fractions. For example, magnitude 5 is a moderate earthquake, but 
magnitude 7 is a strong one. Because of the logarithmic scale, each whole number 
increase represents a tenfold increase in amplitude and force and 31 times more 
energy. 

Velocity is the shaking speed of an earthquake (meter/ second) 

^ \ X \ \ A \ w-* / l-'-i 


Acceleration is velocity increasa.(br\decreas^Jjj;e car acceleration (meter / 
second 2 >S'pec»a/ acceleration is v hat is experienced by a building, modeled by a 


mass-less vertical red of the same period as the building 

PGA (peak ground acceleration) is experienced by a particle on the ground (without 
damping) 

Body waves 

Body waves are seismic waves that move through the interior of the earth, as opposed to 
surface waves that travel near the earth's surface. P and S waves are body waves. 
Each type of wave shakes the ground in different ways. 

P waves are high-speed seismic body waves, traveling at about 26000 mph (42000 km), 
that shake the ground in the same and opposite direction as the waves move. 

S waves (shear waves) are seismic body waves that shake back and forth perpendicular 
to the direction the wave is moving. 

Surface waves 

Surface waves are seismic waves that are trapped near the surface of the earth 

Rayleigh waves are seismic surface waves causing the ground to shake in an elliptical 
motion, with no transverse, or perpendicular, motion. 

Love waves are surface waves with a horizontal motion transverse (perpendicular) to 
the direction the wave is traveling. 
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Cs factors for light framing with wood panels (R=6, 
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Cs (or site class A-E (or 0 2 sec mapped spectral accelerations Ss (top line) 


So* graph 0.2 sac. design spectral accelerations 



Sdi (or site class A-E (or 1 sec. mapped spectral accelerations Si (top line) 


SD Graphs (Seismic Design Graphs) 
by G G Schierle 

adapted from IBC Equivalent Lateral Force Analysis 

Load Resistance Factor Design ( LRFD) 


to 


Allowable Stress Design (ASD) 
assuming ASD = LRFD/ 1.4 
Cs Graph for light framing with wood panels (R=6, 1=) 
Used to compute base shear V 


V = I Cs W 


I = Importance factor (see IBC table 1604.5) 

Cs = Seismic coefficient 

W = Building mass (dead load + some live loads) 




Sds Graph: 0.2 seconds Design Spectral Acceleration 
Used for low-rise structures 


C s = IS ds /R 

R = Reduction factor for structure systems (see IBC table 1617.6.2) 


Sdi Graph for 1 second Design Spectral Acceleration 
Used for high-rise structures (T > Ts) (Ts = Sds/Sdi) 

Cs = I Sdi / (TR) 

T = building period (approximately 0. 1 seconds per story height) 
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Spectral acceleration 



Period T 

ido uesiyn response spectrum 


Basic concepts 

Earthquake ground shaking generates forces on structures. Though these forces act in 
all direction, the horizontal (lateral) forces are usually most critical. Seismic forces are 
f = m a (Force = mass x acceleration ) 
where 

Mass = building dead weight 
Acceleration 

Note: 

PGA (Peak ground Acceleration) is experienced by a particle on the ground 
Spectral Acceleration approximates the acceleration of a building, as modeled by a 
particle on a mass-less vertical rod of the same period of vibration as the building. 


Acceleration Spectra (left) 

Based on the 1971 San Fernando 



976) developed 



end othtef Earthquakes Seed 
Acceleration Spectra to correlate time period (X-axis) with acceleration for four soil types. 
Other studies by Hall, Hayashi, Kanbayasii, and Mohraz demonstrated similar results. 
Equivalent C&tikal Force A nalysis is based on Acceleration Spectra, abstracted as 
Design Response Spectrum 


Design Response Spectrum (left) 

The IBC Design Response Spectrum correlate time period T and Spectral Acceleration, 
defining three zones. Two critical zones are: 

T < Ts governs low-rise structures of short periods 

T > Ts governs tall structures of long periods 

where 

T = time period of structure (T ~ 0.1 sec. per story - or per ASCE 7 table 1615.1.1) 

Ts = Sds/Sdi (See the following graphs for Sds and Sdi) 
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0.2 sec Spectral Accel. (%g)with 2% Probability of Exceedance in 60 Years 



U .S. Geological Survey 
National Seismic Hazard Mapping Project 


1.0 sec Spectral Accel. (%g)with 2% Probability of Exceedance in 50 Years 
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Cs for site class A-E for 0.2 sec mapped spectral accelerations Ss (top line) 


Analysis steps 

Define site class by geologist, or assume default site class D (IBC table 1615.1.1) 
Define Mapped Spectral Accelerations Ss and Si 

For overview see USGS maps at left: 0.2 sec low-rise (top) 1 sec high-rise (bottom) 
Enter Site coordinates at USGS web site: 
http://eqdesiqn.cr.usqs.gov/html/lookup-2002-interp-D6.html 


Enter Latitude: 37.7795 

Enter Longitude: 

-122.4195) 

Enter Latitude: 

Enter Longitude: 



Enter latitude in the left box in decimal degrees (range: 24.6 to 50.0) 
Enter negative longitude in the right box (range: -125.0 to -65.0) 

Web output: 

LOCATION 37.7795 Lat. -122.4195 Long. 

Interpolated Probabilistic Ground Motion(Spectral Acceleration SA) in 
1 0%PE in 50 yr. 2%PE in 50 yr. 

0.2 sec SA 115.35 
1.0 sec SA 53.08 
Low-rise: T<Ts 
High-rise: T>Ts\ 

Ts = Sds/Slh 


182.76 % -v Ss - 1.83 (for low-rise) 
92.41 % -» Si = 192 (for high-rise) 
(structures < 5 stories) 
(structures > 10 stories) 



site are: 


(For Sds and Sdi see graphs on following pages) 


• >L' i \i yj i wuo ai iu uu 

Define base shear V (lateral force at base of structure) 

V - Cs W 

W = Dead load (+ 25% storage live load + 20% flat roof snow load > 30 psf) 
Cs= seismic coefficient - see sample graph at left (Ss at top line) 

For other structures: 

Cs = I Sds / R (for T < Ts) 

Need not exceed 

Cs= I Sdi / (TR) (for T > Ts) 

I = Importance factor (IBC table 1604.5) 

R = R-factor (IBC table 1617.6.2) 

Sds and Sdi (See graphs on the following pages) 

Cs varies with spectral acceleration Ss & Si and type of structure 
(defined on the following pages) 

For example, in seismic areas: 

Cs ~ 3 % for tall steel frame structures 

Cs ~ 15 % for low-rise wood structures 

Cs ~ 30 % for some low-rise masonry structures 

W = w A (w = dead load, DL in psf, A = total gross floor area of building) 

w varies with type of construction - for example: 

w ~ 15 to 25 psf for wood structures 

w ~ 70 to 100 psf for steel structures 

w ~ 1 50 to 200 psf for concrete structures 


9-15 DESIGN METHODS Lateral Force Design 


IBC table 1615.1.1 Site class definitions excerpts 

Site class 

Soil profile name 

Average shear velocity in top 100 ft (30 m) 

A 

Hard rock 

Vs > 5000 ft/s (1500 m/s) 

B 

Rock 

Vs = 2500 to 5000 ft/s (760 to 1500 m/s) 

C 

Very dense soil & soft rock 

Vs = 1200 to 2500 ft/s (370 to 760 m/s) 

D 

Stiff soil 

Vs = 600 to 1200 ft/s (180 to 370 m/s) 

E 

Soft soil 

Vs < 600 ft/s (180 m/s) 

F 

Soil vulnerable to failure, very organic clay, high plasticity clay, etc. 


Example: One-story residence, San Francisco 

Assume: Light framing with plywood panels 

36'x40’x10' high, DL = 25 psf, site class undefined, use default D, I = 1 

Enter site coordinates at USGS web site 

http://eqdesiqn.cr.usqs.qov/html/lookup-2002-interp-D6.html 

Web site output 

0.2 sec Spectral Acceleration S s = 1.85 

Design Spectral Accelerations (see graph) 

At S s = 2.0 Cs = 0.16 


IBC table 1617.6.2 excerpt 

R-factor 

Height limits (ft), categories A-F 

Bearing wall systems 


A B 

C 

D 

E 

F 

Light framed walls with wood panels 

6 

NL 

NL 

65 

65 

65 

Light framed walls with other panels 

2 

NL 

NL 

35 

NP 

NP 

Ordinary reinforced concrete walls 

4 

NL 

NL 

NP 

NP 

NP 

Special reinforced concrete walls 

5 

NL 

NL 

160 

160 

100 

Ordinary reinforced masonry walls 

2 

NL 

160 

NP 

NP 

NP 

Special reinforced masonry walls 

5 

NL 

NL 

160 

160 

100 

Building frame systems 







Ordinary steel concentric braced frames 

5 

NL 

NL 

35 

35 

NP 

Special steel concentric braced frames 

6 

NL 

NL 

160 

160 

100 

Ordinary steel moment frames 

3.5 

NL 

NL 

itfK 

NP 

NP 

Special steel moment frames 

8 

NL ( 


NL 

NL 



(Cs/1.85 = 0.16 / 2.0) 



cisco on site c 



Interpolate Csat S s = 1.85 
Cs= 1.85x0.16/2.0 
Building dead weight 
W = 25 psf x 36’x40’ 

Base Shear 

V = Cs W = 0.15 x 36,000 


Example: Same residence in 

Cs factor (see graph) 

Interpolate CsatS s = 1. 

Cs = 0JSx 1^2.0 
Base shear V ■= Cs W = 0.12 x 36,000 


Example: Same residence in Tucson 

Site class D, Ss = 0.329 
Cs factor (see graph) 

Interpolate for S s = 0.329 (Cs/0.329 = 0.06/05) 

Cs = 0.329x0.06/ 0.5 

Base shear V = Cs W = 0.04 x 36,000 

Example: Same residence in Tucson on site class A 

Cs factor (see graph) 

Interpolate for S s = 0.329 (at Ss = 0.5 Cs = 0.03) 

Cs = 0.329 x 0.03 / 0.5 

Base shear V = Cs W = 0.02 x 36,000 

Compare seismic factors 

Los Angeles site class D 
Los Angeles site class A 
Tucson site class D 
Tucson site class A 



Cs =0.15 
W = 36,000# 
= 5,400# 


Cs = 0.12 
V = 4,320# 


Cs = 0.04 
V = 1,440# 


Cs = 0.02 
V = 720 # 


C s = 0.15 
C s = 0.12 
C s = 0.04 
C s = 0.02 


Cs for site class A-E for 0.2 sec mapped spectral accelerations Ss (top line) 
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Sds graph 0.2 sec. design spectral accelerations 
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Sds for site class A-E for 0.2 sec. mapped spectral accelerations Ss (top line) 



Sdi for site class A-E for 1 sec. mapped spectral accelerations Si (top line) 



T = 0.97 sc 


Sds - 0.86 
Sdi = 0.71 

Ts =1.21 
,97< 1.21 
Cs = 0.11 


General Cs factors 

The previous examples are limited to light framing with wood panels 
For other structures the Cs factor must be computed: 

For low-rise structures of T< Ts Cs = Sds / R 

For high-rise structure of T > Ts Cs = I Sdi / (TR) 

See graphs at left for Sds and Sdi (Design Spectral Accelerations) 

Example: 7-story special steel moment frame 

Assume: Office building, 90’x180’x84’ high, DL=70 psf 
Site class D, I = 1 , R = 8, Ss = 1 .81 , Si = 1 .00 
Time period (see ASCE 7 table 1615.1.1) 

T = Ct h 08 = 0.028 x 84°- 8 
Design Spectral Accelerations (see graphs at left) 

At Ss = 1 .81 Interpolate Sds = 1 .81 x 0.95 / 2 
At Si = 1.00 

Design response spectrum limit 
Ts = Sds/Sdi= 0.86/0.71 
T<Ts 

Cs = I Sds / R = 1 x 0.86 / 8 
Structure dead load 
W = 7\7C psfv. 90’ x 18071000 
Base shear 

Xrp\\vM)4l x 7,938 

Example: 20-story special (ductile) steel moment frame 

Assume: Office building, 90’x180’x250’ high, DL=70 psf 
Same site and seismic factors as above but I = 1 .25 (Occupancy > 300), 

Time period 

T = Ct h 08 = 0.028 x 84°- 8 
Design Spectral Accelerations (see graphs at left) 

At Ss = 1 .81 Interpolate Sds = 1 .81 x 0.95 / 2 
At Si = 1.00 

Design response spectrum limit 
Ts = Sds/Sdi= 0.86/0.71 
T>Ts 

Cs= I Sdi/(TR) = 1.25x0.71/(2.32x8) 

Structure dead load 
W = 20x70 psf x90’x1 8071 000 
Base shear 

V = Cs W = 0.048x22,680 

Example: 20-story ordinary (non-ductile) steel moment frame 

Cs= I Sdi/(TR) = 1.25x0.71/(2.32x3.5), R = 3.5 

Base shear 

V = Cs W = 0.109x22,680 


W = 7,938 k 
V = 873 k 

R = 8 

T = 2.32 sec 

Sds = 0.86 
Sdi = 0.71 

Ts =1.21 
2.32 > 1.21 
Cs = 0.048 

W = 22,680 k 

V = 1,089 k 

Cs = 0.109 

V = 2,472 k 
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Vertical distribution 

Seismic forces increase with building height since f = ma (force = mass x acceleration), 
i.e., increased drift increases acceleration. Thus story forces F x are story mass times 
height above ground. For buildings with periods of 0.5 seconds or less the force increase 
is considered liner. For tall buildings the story-force varies non-linear. Since all story 
forces are resisted at the ground, each story must resist its own force plus all forces from 
above. Thus shear per level increases from top to bottom. The overturn moment per 
level is the sum of all forces above times their distance to the level considered. 

1 Linear force increase for T < 0.5 seconds 

2 Non-linear force increase for T > 0.5 

3 Distribution per level of force 
Fx = force per level x 

Vx = Shear per level x = sum all forces above 

V2 = 3k (rSNlpA Vz=3k 

Vi = 3 k+ 2 k Vi=5k 

v 0 = 5 k + 1 k \ //\\\\\\3) N ' Vo=6k 

Mx = overturn moment oer level - sum of all forces above tiff es level arm 


Assuming 10' story height: 

M 2 = 3 k xl 0’ 

3 k x 20 (- 2 k x 10 ’vA 
iv; 0 = • K>' 30 ’)+^ k x 20 ’ + 1 lex 10 ’ 

4 (Overturn moment visualized 

5 Force per level 
F x -Cvx V 

n 

C vx = w x h x /^w i hf (vertical distribution factor) 

i=i 

W = total dead weight of level x 

h = height of level x above ground 

n = total number of stories 

k = exponent related to structure period 

k = 1 for T < 0.5 seconds 

k = 2 forT > 2.5 seconds 

k = interpolated between T = 0.5 and 2.5 

6 k Interpolation graph 

7 Shear per level 

v x = Z^ 

i=x 

8 Overturn moment per level 


M 2 = 30 k’ 
Mi = 80 k’ 
Mo = 140 k’ 


M x = XF-(h n -h,; 
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1 




© 
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Horizontal diaphragms 

Horizontal floor and roof diaphragms transfer lateral load to walls and other supporting 
elements. The amount each wall assumes depends if diaphragms are flexible or rigid. 

1 Flexible diaphragm 

Floors and roofs with plywood sheathing are usually flexible; they transfer load, 
similar to simple beams, in proportion to the tributary area of each wall 
Wall reactions R are computed based on tributary area of each wall 
Required shear flow q (wall capacity) 


q = R / L (L = length of shear wall) 

R = w (tributary width) 

R1 = (150)16/2 = 1200 lbs 
R2 = (150)(16+14)/2 = 2250 lbs 
R3 = (150)14/2 = 1050 lbs 

Rigid diaphragm 


(L = shear wall length 


q = 1200 / 8’ 
q = 2250 / 12’ 
q = 1050 / 8’ 


q = 150 plf 
q = 188 plf 
q = jtfPplf 

ffi. 


Concrete slabs and some steel decks a-e rigid: they transfer load in proportion to the 
relative stiffness of each Wail. S'nce rigid diaphragms experience only minor 
deflections under load they impose equal drift on wails of equal length and stiffness. 
For Sheens! walls reactions are proportional to a resistance factor r. 
^lT^\mT(EI/h 3 )U 
JfMwgjf height 

VX* f = bL 3 / 1 2 (moment of inertia of wall) 

b = wall thickness 
L = wall length 


For walls of equal height, thickness and material, the resistance factors are: 

r = L 3 / Z L 3 

LI 3 = L3 3 = 8 3 = 512 

L2 3 = 12 3 = 1728 


XL 3 = 512 + 1728 + 512 
ri= 512/2752 
r 2 = 1728/2752 

r 3 = 512/2752 

Check Z r 

Total force F 

F = 1000 plf x (16’+14’) / 1000 
Wall reactions 
R1 =ri F = 0.186 x 30 k 
R2 = r 2 F = 0.628 x 30 k 
R3 = r 3 F = 0.186 x 30 k 
Check Z R 


Z L 3 = 2752 

ri = 0.186 

r 2 = 0.628 
r 3 = 0.186 
Zr= 1.000 

F = 30 k 

RI = 5.58 k 
R2 = 18.84 k 
R3 = 5.58 k 
Z R = 30,00 k 
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IBC table 2306.4.1 excerpts 

Allowable shear for wood panels with Douglas-Fir-Large or Southern Pine 






Nail spacing at panel edge (inches) 

Panel 

grade 

Panel 

thickness 

Nail 

penetration 

Nail size 

6 

4 | 3 I 2 * 

/ 

allowable shear (lbs / foot) 

Structural 1 
sheathing 

5/16 in 

1 1/4 in 

6d 

200 

300 

390 

510 

3/8 in 

1 3/8 in 

8d 

230 

360 

460 

610 

7/16 in 

1 3/8 in 

8d 

255 

395 

505 

670 

15/32 in 

1 3/8 in 

8d 

280 

430 

550 

730 

1 1/2 in 

1 0d 

340 

510 

665 

870 


* Requires 3 x framing and staggered nailing 




Example: Flexible diaphragm 

Assume: plywood diaphragm, plywood shear walls on light wood framing 


Dead load DL= 23 psf 

Seismic factor (adjusted for ASD) C s = 0.15 

Dead load per level 

W = 23 psf x 68’ x 1 50’ / 1 000 W = 235 k 

Total DL (3 levels) 

X W = 3 x 245 k X W = 705 k 

Base shear 

V = WC s = 705 x0.15 V = 106 k 


Force distribution 


Level 

Wx 

hx 

Wxhx 

Wxhx/Ewihi 

Fx=V(w x hx/£wihi) 

Vx =X Fx 

2 

247 k 

27’ 

6669 k’ 

0.50 

53 k 

53 k 

1 

247 k 

18’ 

4446 k’ 

0.33 

(30* 

88 k 

0 

247 k 

9’ 

2223 k’ 

0.17 

18 k 

106 k 



Swihi = 13,338-kk 

/ \ 

(TV\ _ 

PA\\\\uji 

CD 

O 

II 

> 

) ) 


Area per level A = 68 (150) 

Shear per souare foot v 


A= 

v = V/ A 

10200 ft 2 

v (psi) 

Vu= 106K =106000 lbs 


vo = 106000/10200 vo : 

=10.4 psf 

WA 88 k^ ' &oCOO^s 


vi = 88000/10200 vi 

= 8.6 psf 

V 2 — 53 k= 53000 lbs 


v 2 = 53000/10200 v 2 

= 5.2 psf 

Level 0 shear walls 

Wall A = 10.4 psf (15’)30’/12’ = 

390 plf 

use 5/16, 6d @ 3” = 

390 plf 

Wall B = 10.4 psf (19’)30’/24’ = 

247 plf 

use 7/16, 8d @ 6” = 

255 plf 

Wall C = 10.4 psf (34’)15’/30’ = 

177 plf 

use 5/16, 6d @ 6” = 

200 plf 

Wall D = 10.4 psf (34’)30730’ = 

354 plf 

use 3/8, 8d @ 4” = 

360 plf 

Level 1 shear walls 

Wall A = 8.6 psf (1 5’)30’/1 2’ = 

323 plf 

use 15/32, 1 0d @ 6” = 

340 plf 

Wall B = 8.6 psf (19’)30’/24’ = 

204 plf 

use 3/8, 8d @ 6” = 

230 plf 

Wall C = 8.6 psf (34')1 5730’ = 

146 plf 

use 5/16, 6d@6” = 

200 plf 

Wall D = 8.6 psf (34’)30’/30’ = 

292 plf 

use 5/16, 6d@4” = 

300 plf 

Level 2 shear walls 

Wall A = 5.2 psf (1 5’)30’/1 2’ = 

195 plf 

use 5/16, 6d @ 6” = 

200 plf 

Wall B = 5.2 psf (19’)30’/24’ = 

124 plf 

use 5/16, 6d @ 6” = 

200 plf 

Wall C = 5.2 psf (34')1 5730’ = 

89 plf 

use 5/16, 6d @ 6” = 

200 plf 

Wall D = 5.2 psf (34’)30’/30’ = 

177 plf 

use 5/16, 6d @ 6” = 

200 plf 

Note: To simplify construction, fewer wall types could be selected 
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Example: Rigid diaphragm 

Assume: concrete slab on CMU shear walls 
Allowable masonry shear stress 
Seismic factor C s = 0.17x1.5 

Note: increase Csby 1.5 per IBC 2106.5.1 forASD method 
Dead Load 

Wall lengths L = 12 (30')+14 (12)+8 (24) 

Wall DL = (720’) 8’(7.625”/12”) 120 pcf / (68x150) 

Floor/roof (12” slab) 

Miscellaneous 

2 DL 

DL / level: W = 200 psf x 68’ x 1 507 1 000 
DL for 3 Levels: W = 3 x 2040 k 
Base shear V = Cs W = 0.26 x 6120 
Force distribution 


Wx 

h x 

Wxhx 

/•Vxhx/IWihi 

f : x = V(w>h//Zwihi) 

2,040 k 

27’ 

55,080 k’ 

'591x0.50 

796 k 

2,040 k 

18' 

36 720 !<’ 

1591x0.33 

525 k 

2,040 k 

9’1 

16,360 EJ 

1591x0.17 

270 k 

\\ fo\ 

SWill I = 

1! 0,1 69 k’ | 



wall siiflness' 


R L 3 

Wall B: r = 12 3 / [12 3 +24 3 ] 

Wall C: r = 24 3 / [12 3 +24 3 ] 

Wall cross section areas: 

A walls = 12(30')12”(7.625”) 

B walls = 14(12’)12”(7.625”) 

C walls = 8(24’)12”(7.625”) 

Level 0 (Vo = 1591 k) 

Wall A = (1591) 1000/32940 
Wall B = (1591) 1000 (0.11)/ 15372 
Wall C = (1591) 1000 (0.89)/ 17568 

Level 1 (Vi = 1321 k) 

Wall A = (1321) 1000/32940 
Wall B = (1321) 1000 (0.11)/ 15372 
Wall C = (1321) 1000 (0.89)/ 17568 

Level 2 (V 2 = 796 k) 

Wall A = (796) 1000/32940 
Wall B = (796) 1000 (0.11)/ 15372 
Wall C = (796) 1000 (0.89)/ 17568 


Fv = 85 psi 
C s = 0.26 


L= 720’ 
DL = 43 psf 
150 psf 

7 psf 

2 DL = 200 psf 

W = 2,040 k 
W = 6,120 k 

V = 1,591 k 

\ (A \ 

Vx = £ F x 

796 k 

1,321 k 
1,591k 

V = 1,591 k 


r = 0.11 
r = 0.89 

A = 32940 in 2 
B = 15372 in 2 
C = 17568 in 2 

48 psi < 85 
11 psi <85 
81 psi < 85 

40 psi < 85 
10 psi < 85 
67 psi < 85 

24 psi < 85 
6 psi < 85 
40 psi < 85 
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Seismic design issues 

Eccentricity 

Offset between center of mass and center of resistance causes eccentricity which causes 
torsion under seismic load. The plans at left identify concentric and eccentric conditions: 

1 X-direction concentric 
Y-direction eccentric 

2 X-direction eccentric 
Y-direction eccentric 





5 X-direction concentric 

Y-direction concentric 

6 X-direction concentric 

Y-direction concentric 

Note: 

Plan 5 provides greater resistance against torsion than plan 6 due to wider wall spacing 
Plan 6 provides greater bending resistance because walls act together as core and thus 
provide a greater moment of inertia 
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Hazard Configurations 

Irregular configurations, such as H, L,T, and U-shapes, may split at intersections of wings 
due to differential movement in earthquakes. 


Differential periods split wing intersections during Northridge Earthquake 



Mitigation: 

• Provide seismic joints at low-rise wing intersections 

• Reinforce high-rise intersections (to avoid pounding of adjacent wings) 
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Stability Issues 





1 Narrow shear walls are vulnerable to overturning 

2 Architectural mitigation: 

Combine adjacent windows to provide wider shear walls 

3 Structural mitigation: 

Attach shear walls to edge beams designed to resists wall overturning in bending 

4 Slender wall failure 
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Hillside construction 



PROMT OF HOUSE SETTLE! 


To avoid expensive earthquake settlement repair 


. adapt building to site rather than adapting site to building 


DOWNHILL OPTION 


MUItL & HESWlRANl 
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Critical wood-frame items 




Item 

A Shear wall anchor bolts 

B Hold-down 

C Shear wall nailing 
D Wall-to-wall hold-down 


Requirements 

Resist wall slippage 

Resist shear wall overturning 

Attach panels to framing 
Resist shear wall overturning 



F Beam connection Resist beam slippage 

G Shear wall width/height ratio Minimum 1 : 3.5 for stability 

Wood panels 1:3.5 (Los Angeles, 1:2) 

Gypsum board 1:2 


H Joist blocking 


Transfers shear at panel edges 
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Bracing 

Eccentric bracing allows to adjust stiffness, providing: 

• greater stiffness than moment frame 

• less stiffness than braced frame 

• Short link beam provides stiffness 

• Long link beam provides ductility 
Note: 

Link beam is the distance between brace support and column 
Typical link beam length is about 20 percent of beam length 





Visco-elastic bracing provides: 

• Stiffness for normal load 

• Ductility for big seismic load 
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Base Isolator 


Left: Conventional structure 

• Large total and inter-story drift 

• Accelerations increase with height 

• Potential permanent deformations 

• Potential equipment damage 


Right: Base isolators: 

• Reduce floor accelerations and drift 

• Reduce damage to structure and equipment 

• Are not good for high-rise structures 


Left: 



Base isolator make-up 

Top and bottom sflMlpItr' 
Rubber sheets 
Steel sheets 
Central lead core 



Right: Separate building from ground to allow drift 


UCLA Kerckhoff Hall base isolator upgrade 

Drawings, courtesy Widom Wein Cohen Architects, Santa Monica 
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Conceptual Design 




System Selection 

Structural design starts with the selection of a system and material; often informed by 
similar past projects, even if not appropriate. For example, light wood structures are 
common for residential building where hurricanes cause frequent destruction, though 
heavy concrete or masonry would resist wind load much better. A rational method is 
proposed with the objective to select more appropriate systems. However, since design 
criteria may be conflicting in some cases, selection is both art and science, yet the 
following criteria make the selection process more objective 
Capacity limit 
Code requirements 
Cost 
Load 
Location 
Resources 


0 



Technology 
Synergy 

Capacity limit is based on limits of sysrems and materials. For example, beams are 
economical for a given span range To exceed that range would yield a bad ratio of dead 
load to liVe ldi§? A beam’s cross section increases with span, resulting in heavier dead 
icad. Eventiiai'y, sthe beam's dead load exceeds its capacity and it would break. 
Approaching that limit, the beam gets increasingly uneconomical because its dead weight 
leaves little reserve capacity to carry live load. The span limit can be extended by 
effective cross section shape. For example, steel beam cross sections are optimized in 
response to bending and shear stress, to allow greater spans. 





Introduction 


Conceptual design usually starts with approximate sizing principle elements of a structure 
and possible alternatives, followed by thorough analysis during design development. 
Approximate methods are essential to quickly develop alternate designs. They are also 
useful to verify final designs and computer analysis. If based on good assumptions, 
approximate methods can provide results of remarkable accuracy, usually within ten 
percent of precise results. The following conceptual design examples introduce 
approximate methods, sometimes referred to as back-of-the-envelop design. They are 
not meant to replace accurate design but as precursor of accurate design and analysis. 


Trusses have longer span capacity than beams, due to reduced self weight. They 
replace the bulk of beams by top and bottom chords to resist global moments, and 
vertical and diagonal web bars to transfer shear between compression and tension 
chords. Compared to beams, the greater depth of trusses provides a greater lever arm 
between compression and tension bars to resist global moments. Similarly, suspension 
cables use the sag between support and mid-span as moment resisting lever arm. Since 
cables have higher breaking strength and resist tension only, without buckling, they are 
optimal for long spans; but the high cost of end fittings makes them expensive solutions 
for short spans. These examples show, most systems have upper and lower span limits. 

Code requirements define structures by type of construction regarding materials and 
systems; ranging form type I to type V for least and most restrictive, respectively, of the 
Uniform Building Code (UBC) for example. Each type of construction has requirements 
for fire resistance, maximum allowable floor area, building height, and occupancy group. 
Codes also have detailed requirements regarding seismic design; notable structures are 
categorized by ductility to absorb seismic energy and related height limits. Some code 
requirements are related to other criteria described in the respective section. 
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Cost is often an overriding criteria in the selection of structures, in fact, cost is often 
defined by some of the other selection criteria. However, costs also depends on market 
conditions and seasonable changes. The availability of material and products, as well as 
economic conditions and labor strikes may greatly effect the cost of structures. For 
example, a labor strike in the steel industry may shift the advantage to a concrete 
structure, or the shortage of lumber, may give a cost advantage to light gauge steel 
instead of light wood framing. Sometimes, several systems are evaluated, or schematic 
designs are developed for them, in order to select the most cost effective alternative. 

Load imposed on a structure is a major factor in selecting a system. For example, roofs 
in areas without snow must be designed only for a nominal load, yet roof load in 
mountain areas may be up to 20 times greater than the nominal load. Structures in 
earthquake prone areas should be lightweight and ductile, since seismic forces are 
basically governed by Newton’s law, force equals mass times acceleration (f=ma). In 
contrast, structures subject to wind load should be heavy and stiff to resist wind uplift and 
minimize drift. Structures in areas of daily temperature variations should be designed for 
thermal load as well, unless the structure is protected behind a thermal insulation skin 
and subjected to constant indoor temperature only. 

Location may effects structure selection by the type of soil, topography, ground water 
level, natural hazards, such as fire, frost, or flood. Local soil conditions effect the 
foundation and possibly the entire structure. Soft soil may require pile foundations; a mat 
foundation may be chosen to balance the floating effect of high ground water. LodSgns 
with winter frost require deep foundations to prevent damage due to soiivfexpanlicn in 
frost (usually a depth of about one meter). Hillside locations may require caisson 
foundations to prevent sliding, but foundations ajfe more cominafiaMi flat slteS. Locations 
with fire hazards require non-combustible material’.' Raising tne structure off the ground 
may be the answer to flooding. 


Resources have a strong injpact on the selection of structure materials. Availability of 
material was a decigijig faetor regarding the choice of material throughout history. The 
Viking build wood structures, a logical response to the vast forests of Scandinavia, yet 
stone temples of Egypt and Greece reflect the availability of stone and scarcity of wood. 
More recently, high-rise structures in the United States are usually steel structures, but 
the scarcity of steel in some other countries makes concrete structures more common. 


conditions, namely continuity of demand to justify the high investments associated with 
prefab concrete technology. 

Synergy, defined as a system that is greater than the sum of its parts is a powerful 
concept to enrich architecture, regarding both pragmatic as well as philosophic 
objectives. Pragmatic example are numerous: Wall system are appropriate for hotel and 
apartment projects which require spatial and sound separation; but moment frames 
provide better space planning flexibility as needed for office buildings. However, the core 
of office buildings, usually housing elevators, stairs, bathrooms, and mechanical ducts, 
without the need for planning flexibility, often consists of shear walls ore braced frames, 
effective to reduce drift under lateral loads. Long-span systems provide column-free 
space required for unobstructed views in auditoriums and other assembly halls; but lower 
cost short span systems are used for warehouses and similar facilities where columns 
are usually acceptable. 

On a more detailed level, to incorporate mechanical systems withfrQ long-span roof or 
floor structure, a Vierendeel girder may be selected ir stead of a truss, since the 
rectangular panels of a Vierendeel beiter facilitate ducts to pass through than triangular 
truss panels. A suspended cable roof may be selected for a sports arena if bleachers 
can be used to effectively tesisi.the roofs lateral tnrust which is very substantial and may 
require costly foundations otherwise. Synergy is also a powerful concept regarding more 
offi!osqph ; cai objectives, as demonstrated throughout history, from early post and beam 
structures; Roman arches, domes and vaults; Gothic cathedrals; to contemporary 
suspension bridges or roofs. Columns can provide architectural expression as in post 
and beam systems, or define and organize circulation, as in a Gothic cathedral. The 
funicular surface of arches, domes and vaults can define a unique and spiritual space. 
The buttresses to resist their lateral thrust provides the unique vocabulary of Gothic 
cathedrals. Large retaining walls may use buttressing for rhythmic relieve, as in the great 
wall of Assisi, or lean backward to express increased stability as the wall of the Dalai 
Lama palace in Tibet. 


Technology available at a area also effects the selection of structures. For example, light 
wood structures, known as platform framing, is most common for low rise residential 
structures in the United States, where it is widely available and very well known; but in 
Europe where this technology is less known, it is more expensive than more common 
masonry structures. Similarly, in some areas concrete technology is more familiar and 
available than steel technology. Concrete tends to be more common in areas of low 
labor cost, because concrete form-wok is labor intensive. On the other hand, prefab 
concrete technology is less dependent on low labor cost and more effected by market 
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Global moment and shear 

Global moments help to analyze not only a beam but also truss, cable or arch. They all 
resist global moments by a couple F times lever arm d: 

M = F d; hence F = M / d 

The force F is expressed as T (tension) and C (compression) for beam or truss, and FI 
(horizontal reaction) for suspension cable or arch, forces are always defined by the global 
moment and lever arm of resisting couple. For uniform load and simple support, the 
maximum moment M and maximum shear V are computed as: 

M = w L 2 / 8 


V = w L /2 

w = uniform gravity load 
L =span 


For other load or support conditions use appropriate formulas 
Beam 

Beams insist the global moment dv a force couple, with lever arm of 2/3 the beam depth 
d; resisted b / top compression C and bottom tension T. 

Trusses resist the global moment by a force couple and truss depth d as lever arm; with 
compression C in top chord and tension T in bottom chord. Global shear is resisted by 
vertical and / or diagonal web bars. Maximum moment at mid-span causes maximum 
chord forces. Maximum support shear causes maximum web bar forces. 


Cable 

Suspension cables resist the global moment by horizontal reaction with sag f as lever 
arm. The horizontal reaction H, vertical reaction R, and maximum cable tension T form 
an equilibrium vector triangle; hence the maximum cable tension is: 

T = (H 2 + R 2 ) 1/2 

Arch 

Arches resist the global moment like a cable, but in compression instead of tension: 

C = (H2+R2)1/2 

Flowever, unlike cables, arches don’t adjust their form for changing loads; hence, they 
assume bending under non-uniform load as product of funicular force and lever arm 
between funicular line and arch form (bending stress is substituted by conservative axial 
stress for approximate schematic design). 
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Radial pressure 

Referring to diagram A, pressure per unit length acting in radial direction on a circular 
ring yields a ring tension, defined as: 

T = R p 

T = ring tension 
R = radius of ring 

p = uniform radial pressure per unit length 




Units must be compatible, i.e., if p is force per foot, R must be in feet, if p is force per 
meter, R must be in meters. Pressure p acting reversed toward the ring center would 
reverse the ring force from tension to compression. 

Proof 

Referring to ring segment B: 

T acts perpendicular to ring racius R 
p acts perpendicular to ring segment ofuffl length 
Referring to ring segment B and vector triangle C: 
p snib Tin C represent equilibrium at o in B 



T / p = R / 1 (due to similar triangles), hence 


T = R p 
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Examples 

Vierendeel Girder 

Assume 

Steel girders spaced 20’ L = 1 00’ 

Allowable stress (60% of F y = 46 ksi tubing) F a = 27.6 ksi 

DL= 18 psf 

LL = 12 psf (20 psf reduced to 60% for tributary area > 600 sq. ft.) 

2 = 30 psf 

Uniform girder load 

w = 30 psf x 207 1000 w = 0.6klf 

Joint load 
P= we = 0.6 x 10’ 

Vertical Reaction 
R= w L / 2 = 0.6 x 100’ / 

END BAY CHORD 
Chord shear 
Vc= (R - P/2) / 2 = (30 - 
chord bending 

Qa Ue/^%9 x^O’xl 2” 12 Me = 8 1 0 k” 

Momem of Inertia required 


1= McC/ Fa = 810x5727.6 ksi 

1 = 147 in'* 

Use ST 10x10x5/16 

1 = 183 > 147,ok 

WEB BAR (2nd web resists bending of 2 adjacent chords) 


2 nd bay chord shear 


V c = (R-1.5 P)/2 = (30—1 .5x6)/2 

Vc = 10.5k 

2 nd bay chord bending 


Me = V c e/2 = 1 0.5x1 0’xl 272 

Me = 630 k” 

Web bending 


M w = Me end bay + M c 2 nd bay = 81 0 + 630 

M w = 1,440 k” 

Moment of Inertia required 


1 = M w c/Fa = 1 ,440x5/27.6 

1 = 261 in 4 

Use ST 10x10x1/2 web bar 

1=271 >261, ok 

MID-SPAN CHORD (small chord bending ignored) 


Mid-span global bending 


M=wL 2 /8= 0.6x10078 

M = 750 k’ 

Mid-span chord force 


P= M/d= 750/6 

P= 125 k 

Use ST 10x10x5/16 

297 >125, ok 
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Wood Arch 

Assume 

Glue-lam, spaced 16’, 3-hinged for transport and to avoid settlement stress. Available 
dimensions: %” lams; 3i/8”, 5i/8”, 6%”, 8 %” andIO %” wide). 

Allowable buckling stress (from case studies) F c ' = 200 psi 

LL = 12 psf (reduced to 60% of 20 psf for tributary area > 600 sq. ft.) 

DL = 18 psf (estimate) 

2 = 30 psf 

Uniform load 
w = 30 psf x 16’ / 1000 = 

Global moment 
M = w L 2 /8 = 0.48 x 1 00 2 / 8 


w = 0.48 klf 
M = 600 k’ 


Horizontal reaction 
H = M / d = 600 / 20 = 


Vertical reaction 
R = w L /2 = 0.48 x 100' / 2 = 

Arch compression (max.) 

C = (H 2 + R 2 )i/2 = (30 2 + 24 2 ,) ie 

Cross section a r ea required 

A = C / Fc’ \ 38 } 0.2 ksi 

Glue-ram depth (try 5 1 / 8 ” wide glue-lam) 

i = A/ width = 190 / 5.125 = 37; use 50 lams of %” 

Check slenderness ratio 

L / 1 = 100' x 12” / 37.5” = 


H= 30 k 
R = 24 k 
C = 38 k 
A =190 in 2 
t = 37.5” 
L/t = 32 ok 



Note: 

Arch slenderness of L/t = 32 is ok (the 5 1/8” arch width is braced against buckling by the 
roof diaphragm). 

Wind bracing at end bays may consist of diagonal steel rods in combination with 
compression struts. The lateral thrust of arches may be resisted by concrete piers that 
may be tied together by grade beams to resist the lateral arch thrust. 

Final design must consider non-uniform load (snow on half the arch) resulting in 
combined axial and bending stress; the bending moment being axial force times lever 
arm between funicular pressure line and arch center. The funicular line may be found 
graphically. 

Graphic method 

• Draw a vector of the computed vertical reaction 

• Draw equilibrium vectors parallel to arch support tangent 

• Equilibrium vectors give arch force and horizontal reaction 
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Globa! r 
M = PU 

[u ^ c = T = 


Case studies 

Skating Rink, Heerenveen, Holland 

Architect: Van der Zee & Ybema 
Engineer: Arie Krijegsman, ABT 
Steel trusses 

Allowable stress F y = 36 ksi x 0,6 
Truss span L= 66m/0.3048 
Truss spacing e =7.2m/.3048 
Truss depth at mid span d = 5.8m/0.3048 
DL = 0.6 kPa (12.5 psf) 

LL = 0.5 kPa (10.4 psf) 

2 =1.1 kPa (22.9 psf) 

Uniform load per truss 
w = 24’ x 22.9 psf/ 1000 

Mid span point load (center truss, A transfers load of circular end units; 
Tributary area of end units 

A = 7i r 2 /3 = ji(217'/2) 2 /3 k 

Point load per truss 

P = 12,278 x 22.9 psf / 1000 / 16 nsses 
Globa! moment 

PL'4-Ulw 3 f|x217/4 + 0.55 x 217 2 /8 
'Qh§ra bar force 
C = T = M/d = 4,214/ 19 
Bottom tension chord 
Try wide flange section 
Try wide flange 

Allowable force P from AISC table (use L = 0’ for tension, no buckling) 

Pall = 222 

Top chord un-braced length L = 217712 
Top chord bending (negative support bending 
M = w L 2 /12 = 0.55 x 18 2 / 12 
Try W1 2x50 

A = 14.7in 2 - l x = 394 in 4 , r x = 5.17” (y-axis is braced by roof deck) 

Bending stress 
f b = M c / 1 = 15k’x12”x 67394 
Axial stress f a = C / A = 222 k /14.7 in 2 
Slenderness KL/r x = 1x18’x12” / 5.17” 

Allowable buckling stress (from AISC table) 

Check combined stress f a /F a + fb/Fb <=1 
fa/Fa + fb/Fb = 15.1/19 + 2.74 / 21 .6 = 0.92 
Use 


Fa = 21.6 ksi 
L = 217’ 
e = 24’ 
d = 19’ 


w = 0.55 I 


= 12,278 sq.ft. 


P = 18 k 


M = 4,214 k’ 


C =T = 222 k 


W8x35 


222 = 222, ok 
L= 18’ 

M = 15 k’ 


f b = 2.74 ksi 
f a = 15.1 ksi 
kL/r = 42 
Fa =19 ksi 

0.92 < 1,ok 
W12x50 
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ExhibitHall 26 Hanover 

Architect: Thomas Herzog 
Engineer: Schlaich Bergermann 


Given 

Steel suspender bands 30x400 mm (1.2x16”), spaced 5.5 m (18’) 
LL = 0.5 kN/m 2 (lOpsf) 


1.2 kN/m 2 (25 psf) 


2= 1.7 kN/m 2 (35 psf) 


Uniform load 
w = 1.7 kN/m 2 x 5.5 m = 


w = 9.35 kN/m 


Global moment 

M = w L 2 / 8 = 9.35 x 64 2 / 8 M 

Horizontal reaction 
M / f = 4787 

Vertical reaction R (max.) 

Reactions are unequal; use R/H favio (sirnlar triangles) to compute max. R 
R/H = (2f+h/2> / (L/2), hence 

(2f4i/2) : /C/2) = 684 (2x7+13/2) / (64/2) 


r\ \r „ 

Suspendet tension (max.) 

T - (H 2 + R 2 ) 1/2 = (684 2 + 438 2 ) 1/2 

Suspender stress (A = 30x400 mm) 
f = T/A = 1000x812 / (30x400) 

US unit equivalent 
67.7 kPax 0.145 


T = 812 I 


f= 67.7 MPa 


f= 9.8 ksi 


9.8 < 22 ksi, ok 

Graphic method 

• Draw a vector of the total vertical load 

• Equilibrium vectors parallel to support tangents give cable forces 

• Equilibrium vectors at supports give H and R reactions. 

Note: The unequal support height is a structural disadvantage since the horizontal 
reactions of adjacent bays don’t balance, but it provides lighting and ventilation, a major 
objective for sustainability. The roof consists of prefab wood panels, filled with gravel to 
resist wind uplift. Curtain wall mullions at the roof edge are prestressed between roof 
and footing to prevent buckling under roof deflection, in width direction the roof is slightly 
convex for drainage; which also gives the interior roof line a pleasing spatial form. 
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h2+h 1/2 


Portal method 

The Portal Method for rough moment frame design is based on these assumptions: 

• Lateral forces resisted by frame action 

• Inflection points at mid-height of columns 

• Inflection points at mid-span of beams 

• Column shear is based on tributary area 

• Overturn is resisted by exterior columns only 

1 Single moment frame (portal) 

2 Multistory moment frame 

3 Column shear is total shear V distributed proportional to tributary area: 

Va = (V/B) LI / 2 
Vb = (V/B) (L1+L2) / 2 
Vc = (V/B) (L2+L3) / 2 
Vd = (V/B) L3 / 2 

4 Column moment = 

Ma = Va h / 2 
Mb V Vh n / 2 
Me = Vc h / 2 
Vd \ Vd n / 2 

Exterior columns resist most overturn, the portal method assumes they resist all 

6 Overturn moments per level are the sum of forces above the level times lever arm 
of each force to the column inflection point at the respective level: 

M2 = F2 h2 / 2 (level 2) 

M1=F2(h2+h1/2) + F1h1/2 (level 1) 

Column axial force = overturn moment divided by width B 
N = M / B 

Column axial force per level: 

N2 = M2 / B (level 2) 

N1 = Ml / B (level 1) 

7 Beam shear = column axial force below beam minus column axial force above beam 
Level 1 beam shear: 

V = N1 -N2 
Roof beam: 

V = N2 - 0 = N2 

Beam bending = beam shear times distance to inflection point at beam center 
M = V L / 2 

Beam axial force is negligible and assumed 0 
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Example: 2-story building 

Assume: 

LI = 30’ 

L2 = 20’ 

B = 30+20+30 = 80’ 
h = hi = h2 = h = 14’ 

FI = 8 k 
F2 = 12 k 




O 


1st floor 

Base shear 
V = F1+F2 = 8+12 
Column shear 

Va = (Ll/2) (V/B) = 15’x20/80 

Vb = (L1+L2)/2 (V/B) = (20+30)/2 (20/80) 

Column bending 

Ma = Va h/2 = 3.75 x 14/2 

Mb = Vb h/2 = 6.25 x 14/2 

Overturn moments 

Ml = F2 (h2+h1/2)+F1 hl/2 = 12 (14+7)+8x7 

M2 = F2 h2/2 = 12x7 

Column axial load 1st floor 

N1 = M1/B = 308/80 

Column axial load 2nd floor 


N2 = M2/B = 84/80 
Beam shear 


VI = N1-N2 = 3.9-1.1 


, M2+ 

^ 2nd 
V = 


Beam bending 

Ml = VI Ll/2 = 2.8x30/2 

M2 = Vi L.2/2 - 2.8x20/2 

2nd floor 

2nd floor shear 

V = F2 



Column a shear 

Va = (Ll/2) (V/B)=15’x 12/80 

Column b shear 

Vb = (L1+L2)/2 (V/B) = (30+20)/2x1 2/80 

Column a bending 

Ma = Va h/2 = 2.25 x 14/2 

Column b bending 

Mb = Vb h/2 = 3.75 x 14/2 

Overturn moment 

M2 = F2xh/2 = 12x14/2 

Column axial load 

N2 = M2/B = 84/80 

Beam shear 

V2 = N2 


Beam 1 bending 
Ml = V2 L1/2=1. 0x30/2 
Beam 2 bending 
M2 = V2 L2/2=1. 0x20/2 


V = 20 k 

Va = 3.75 k 
Vb = 6.25 k 

Ma = 26 k’ 
Mb = 44 k’ 

Ml = 308 k 
M2 = 84 k’ 



Ml =42 k’ 
M2 = 28 k’ 


V = 12 k 
Va = 2.25 k 
Vb = 3.75 k 
Ma = 15.75 k’ 
Mb = 26.25 k’ 
M2 = 84 k’ 
N2 = 1.0 k 
V2 = 1.0 k 
Ml = 15 k’ 
M2 = 10 k’ 
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Moment frame 

Eight story steel moment frame, high strength steel, F y = 50 ksi F a = Fb= 30 ksi 
Live load 50 psf, load reduction R in percent per IBC 
R = 0.08 (A-150) 

A = tributary area 

Max. reduction: 40% for members supporting a single level, 60% for other members 


Gravitv load 

Beam (osf) 

Column (osf) 

Framina 

10 

10 

Concrete slab 

37 

37 

Partitions 

20 

20 

Floor / ceilina 

3 

3 

DL 

70 

70 

LL 

50x0.6 = 30 

50 X 0.4 = 20 

Total DL + LL 

100 

90 

Average wind pressure 


fnMA \ p " 33 psf 


Design ground floor and 4 th floor 

Uniform beam load (shaded tributary are) 

W = 100 psf x 3071000 
Uniform column load (distributed on team) 
w = 90 nsf x 3071000 
Base shear 

V S3 psf x 30’ x 7.5x 1 271 000 
Level 4 shear 

V = 33 psf x 30’ x 3.5x 1 271 000 
Overturn moments 

Ground floor Mo= 33 psf x 30’ x (7.5x1 2) 2 /2 / 1000 

First floor Mi = 33 psf x 30’(6.5 x12) 2 /2 / 1000 

Fourth floor M 4 = 33 psf x 30’(3.5 x12) 2 /2 / 1000 

Beam design 

Column a & d axial load 

No = Mo / B = 4,010 / 90 

Ni = Ml / B = 3,012 / 90 

Beam design 

Beam shear 

V = No -Ni =45-34 
Beam bending 

M lateral" VL/2 = 11x30/2 

M gravity = wL 2 /12 = 3x30 2 /12 
IM = 165 + 225 

Required S x = M / Fb = 12”x390 k 7 30 ksi 
Use W18x86 

Note: W18 beam has optimal ratio L/d = 20 


w = 2.7 klf 

V = 89 k 

V = 42 k 

Mo = 4,010 k’ 
Mi =3,012 k’ 
M 4 = 873 k’ 


No = 45 k 
Ni = 34 k 


V = 11 k 

M lateral = 1 65 k 
M gravity — 225 k 
I M = 390 k' 
S x = 156 in 3 
S x = 166 > 156 
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Ground 



Column 
a & d 
b & c 

Column 
a & d 
b & c 

Column 
a & d 
b & c 

Column 
a & d 
b & c 


Colum n 
a&d " 

1 




Column 
a&d 
b & c 


Column 
a&d 
b & c 

Column 
a&d 
b & c 

Column 

a&d 


Column 
a&d 
b & c 
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Column shear 

Vc = L tributary V / B Vc 

— 15x89/90 ' 14.8 k 

30x89/90 29.7 k 

Column bending 

M lateral = Vc h/2 M gravity = wL^/24 XM 

— 14.8 xl 2/2 = 89 k' 2.7x30 2 /24 = 101 k' 190 k’ 

29.7x12/2 = 178 k' 0 178 k' 

Column axial force (n = # of stories) 

P lateral = Mo/B P gravity = n W L tributary X P 

— 4,010/ 90 = 45 k ' 8x2.7x15 = 324 k 369 k 

0 8x2.7x30 = 648 k 648 k 

Column axial force + bending (ZP = P+M B x , estimate Bxth an verify) 

P~~| ..._M B'.^eqfayor! S P 

~ 365 k - 2Y \%Wx^.W5^ 422~k T 787 k 

648 k | ~ 12"x1 78 k’,<0i1 8S = 395 k j~ 1043 k 

JJpsicn^lij rbb, (jassu me^ K L = 1.2()h 23: fag 

Us6 Check P allowable VS. P Chock Bx estimate VS. Bx 

~ W14x109~ 803 > 785, OK 0.185 = 0.185, OK 

! \AM y| u 4 AC ' 4 r\C\C\ ^ O r\ i/ (\ 4 OC ^ H A O A f\\/ 


W14x145 


1090 > 1043, OK 


0.185 >0.184, OK 


Column shear 

Vc = L tributary V / B Vc 

15x42/90 ~ 7 k 

30x42/90 14~k~ 

Column bending 

M lateral = Vch/2 M gravity = wLV24 X M 

7x12/2 = 42 k' ~ 2.7x30 2 /24 = 101 k' 143 k' 

14x12/2 = 84 k’ 0 84jT 

Column axial force (n = # of stories) 

P lateral = Mo/B P gravity = nwL tributary X P 

873/90= 10 k ~ 4x2.7x15 = 162 k 172 k 

0 4x2.7x30 = 324 k 32~4T 

Column axial force + bending (XP = P+M Bx, estimate Bxthan verify) 

P~~| M B x (convert M to k”) x P 

172k 12”x143 k'x0.196 = 336 k 508 k 

324 k | 12”x84 k’x0.196 = 198 k 52TiT 

Design column (assume KL = 1.2 x12 = 14') 

Use Check P allowable vs. P Check B x estimate VS. Bx 

W 14x82 515 >508, OK 0.196 = 0.196, OK 

W14x90 664 > 522, OK 0.196 > 0.185, OK 
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Test models 

Static models are useful to test structures for strength, stiffness, and stability. They may 
have axial resistance (truss), bending resistance (beam), or both axial and bending 
resistance (moment frame). Static models have three scales: geometric scale, force 
scale, and strain scale. The geometric scale relates model dimensions to original 
dimensions, such as 1:100. The force scale relates model forces to the original structure. 
For a force scale of 1:100 one pound in the model implies 100 pounds in the original 
structure. The force scale should be chosen to keep model forces reasonable (usually 
under 50 pounds). The strain scale relates model strain (deformation) to strain in the 
original structure. A strain scale of 1:1 implies model strain relates to original strain in the 
geometric scale; given a geometric scale of 1:10 a model strain of 1 inch implies 10 inch 
original strain. For structures with small deformations may a strain scale of 5:1, for 
example, helps to visualize strain. Flowever, structures with large strain like membranes, 
require a strain scale of 1 : 1 to avoid errors (see 2). Scales are defined as: 

Geometric Scale: Sr, = 1 Jl „ = model dimension / r.nnral dimension 


Geometric Scale: Sg = Lm/Lo = model dimension / original d ; mension 
Force Scale: Sf = Pm/Pr ~ model force / original force 

Strain Scale: Ss^EWeV - - model strain / original strain 

The derivation for axial and bending resistance models assumes: 

/■ = ,C(Ss|>-sl!&tion area 
B= Modulus of elasticity 
I = Moment of inertia 

k = Constant of integration for deflection; for cantilever beams with 
point load A = kPL 3 / (El) where k = 1/3 
m = Subscript for model 
o = Subscript for original structure 

Axial resistance 

Unit Strain s = AL/L AL = P L / (AE) hem 


Unit Strain s = AL/L AL = P L / (AE) hence 

Force P = A E AL/L = A E s hence 

Force Scale — Sf — P m/P o — AmEm / (AoEo) Em/so since sm/eo — Ss 

Sf = AmEm/(AoEo) Ss 

Sf = AmEm/(AoEo) if Ss = 1 

Sf = Am/Ao = Sg 2 if = E m =E 0 


1 Axial strain AL = P L/(AE); unit strain s = AL/L 

2 Structures with large deformations, such as membranes, yield errors if the strain 
scale Ss is not 1:1; as demonstrated in the force polygon 

3 Structures like trusses, with small deformations, may require a strain scale Ss >1 to 
better visualize deformations. 
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Case A: Assuming B = 1 and D = 2 
A= 1X2 = 2 
I = 1x2Vl2 = 0.66 




Case B: Assuming B = 1 and D = 4 
A = 1X4 = 4 

I = 1x4Vl2 = 5.33 (=8x0.66) 



2 x case A 
8 x case A 



Case C. Assuning B = 2 and D = 2 
A = 2X2 = 4 

I = 2x2 J /12 = 1 33 (=2x0.66) 

3 



= 2 x case A 
= 2 x case A 


X 


B 


Bending resistance 

Unit Strain s = A/L 

Force P = EIA / (kL 3 ) = El / (kL 2 ) A/L 


A = kPL 3 / (El) hence 


Force Scale Sf - P m/P o — [Emlm / (Eolo)] ko/km Lo 2 /Lm 2 SmlSo 

Since the model and original have the same load and support conditions the constants of 
integration k m = k 0 , hence the term k 0 /k m may be eliminated. The term L 0 2 /L m 2 = 1/Sg 2 = 
1/geometric scale squared, and sm/eo = Ss = strain scale. Therefore the force scale is: 


Sf = E m lm/(Eolo) 1 /Sg 2 Ss 
Sf = E m lm/(Eolo) 1 /Sg 2 
Sf = lm/lo 1 /Sg 2 
Sf = Sg 2 


If Ss =1 

If E m = Eo, or simplified 
assuming all model dimensions, 


including details, relate to the original in the geometric scale 

In the simplest form the force scale :s equal tc the geometric scaie squared for both axial 
and bending resistant models. Thus a mcdel wim a geometric scale of 1:100 has a force 
scale of 1 : 1 0,600 if it is made of t&e-samfe material or modulus of elasticity as the original 
StritpWe. \^f) 

Combined axial and bending resistance 

Models with both axial and bending resistance, such as moment frames, should be of the 
same material or elastic modulus as the original in order to avoid errors. Referring to 
diagrams 3, if, for example, the elastic modulus of a model is half as much as in the 
original structure and the cross-section area is doubled to compensate for it, then the 
moment of inertia is four times greater, assuming area increase is perpendicular to the 
bending axis. For small adjustments this can be avoided by increasing the area parallel 
to the bending axis. Large differences in stiffness, such as wood simulating steel, with an 
elastic modulus about 20 times greater, are not possible. In such a case the strain scale 
could be 20:1 to amplify deflection rather than adjusting the cross-section area. 

1 Model strain s = A/L must be equal to the original strain. 

A = k PL 3 /EI where k = 1/3 

2 Original strain e = A/L 

A = k PL 3 /EI where k=1/3 

Since k is the same in the model as in the original, for equal load and support 

conditions, it may be eliminated from the force scale equation 

3 Correlation between cross-section area A and moment of inertia I 
demonstrates incompatibility between A and I since they increase at different rates, 
unless the increase is only in width direction 
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DETL C.1 
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L 

DEFL C.2 


MODEL DEFLECTION SCALE HlllLj 


DOWNWARD DEFLECTION 
DOT DIAMETER = DEFLECTION 


ORIGINAL DEFLECTION SCALE 


D 100 20B 

rUlTL-J 


r\ UPWARD DEFLECTION 
W DOT DIAMETER = DEFLECTION 


Test stand 


Light gauge steel frame 3’x5’ 

Frame to support test models 
Adjustable platform for loads below the test model 
(crank mechanism lowers platform to apply load) 
Blocking deice holds load platform at any position 
Support frame for measure gauges above test model 


Test procedure 

Position model with open base to allow loads below 
Suspend load cups filled with lead or sand from model 
(support loads on load platform before loading) 

Attach measure gauges above model 
Lower load platform with crank to apply load 
Measure deformations and stress 
Apply alternate loads (half load, etc.) 

Record deformations and stresses fcrai 1 .oacl conditi 
Note 

• Apply loads briefly to avo'd creep deiormation 
Apply loads gradually to avoid rupture 
e Test a'l load conditions that may cause critical deformation or stress 
{Adjust design if deformation or stress exceeds acceptable limits 
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1 

2 

V14s48 

1 

5 

V16s50 

V14s48 

1 

6 

V16s50 

V14i48 

1 

7 

V1B*50 

V14i48 

V14s48 

IU 

V16z50 

V14s48 

1 

J//7 

V16s50 

V14z48 

1 

■h 

V16*50 

V14s48 


Moment frame(with joint numbers and member names) 



Hexagonal grid shell dome 


Computer aided design 

Advance in computer technology made structural design and analysis widely available. 
The theory and algorithm of structural design programs is beyond the scope of this book. 
However, a brief introduction clarifies their potential and use. 

Structure programs generate and solve a stiffness matrix of the structure. Based on the 
degree of freedom of joints, the output provides stress and strain. A two-dimensional 
truss with pin joints has two degrees of freedom and thus two unknowns per joint, X and 
Y-displacement. A three-d truss has three unknowns per joint. Two-D frames have four 
unknowns, X, Y-displacement and X, Y-rotation, but three-D frames have six unknowns 
per joint, X, Y, Z-displacement and X,Y, Z-rotation. 


The structure input is defined by joints, members connecting the joints and loads. Joints 
of three-d structures are defined by X, Y, Z-coordinates, joint type (pin or moment joint), 
and degree of freedom, regarding X, Y Z-displacement and X, Y. Z-iotation (joints 
attached to the ground are fixed with pin or moment joints). Members er^ defined by 
properties, cross section area, moment of inertia, and modulus dOetestioity. Some 
members may have end release at one or both ends to allow pin joints of braces to 
connect to moment joints of beam :o coium.i, tor example. End releases are simulated by 
a dummy pin, adjacent to the moment joint. The geometry of a structure may be defined 
in the analysis program or imported as DFX file from a CAD program. Loads are defined 
aSidistiibuted or Join load. Gravity load is usually assigned as uniform beam load, yet 
lateral wind or seismic loads are usually assigned as point loads at each level. 


in the ai 
as distil 
lateral v. 

i+m i + 


Output includes force, stress, and deformation for members, joint displacement and 
rotation, as well as support reactions. Output may be in tables and / or graphic display. 
Graphic display provides better intuitive understanding an d is more convenient to use. 


Some programs simulate non-linear material behavior and / or non-linear geometric 
behavior. For example, non-linear material may include plastic design of steel with non- 
linear stress/strain relation in the plastic range. Non-linear geometric analysis is for 
structures with large displacements, such as cable or membrane structures. Non-linear 
analysis usually involves an iterative algorithm that converges after several iterations to a 
desired level of accuracy. Some programs include a prestress element to provide form- 
finding for membranes structures. Some programs provide dynamic analysis, sometimes 
referred too as 4-D analysis. Programs with advanced features provide greater versatility 
and accuracy, but they are usually more complex to use. 


Multiframe-4D used for the demonstrations features 2-d and 3-d static and 4-d dynamic 
analysis. For static analysis Multiframe is very user friendly, intuitive, and thus good for 
architecture students. The 4-d dynamic feature is beyond the scope of this book. The 
examples presented demonstrate 2-d and 3-d design/analysis. A very convenient feature 
are tables of steel sections with pre-defined properties for US sections and for several 
other countries. The program features US and SI units. 
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Output display 

Output includes member force, stress, deformation, joint displacement and rotation, as 
well as support reactions, all as numeric tables and color graphs. Clicking any member 
or joint provides detailed information. Force and stress include axial, bending, shear, as 
well as combined axial and bending stress. Based on the output, members may be 
resized in proportion to stress or strain. Animation allows to visualize deformation 
correlated with force or stress patterns. 

Bending stress 



Shear stress 


Deflection with colored stress (also available in animation mode) 
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Belt truss effect 

CAD-analysis provides efficient means to compare framing systems. For convenience 
the following example was done with constant W18 beams and W14 columns, 30’ beam 
spans, and 12. story heights. The results, comparing the effect of belt and top trusses on 
a moment frame and a braced frame are very reveling: 


20-story moment frame 

Gravity load w = 3 klf 

Windload P = 10 k /level 



20-story braced frame 
Gravity load 
Wind load 


w = 3 klf 
P = 10 k/ level 


Frame Drift 

Frame only 17.6” 

Top truss 11.4” 

Belt truss 11.1” 

Top and belt truss 8.6” 


Note: 

Belt and top trusses are much more effective to reduce drift at the braced frame than at 
the moment frame. The combined belt and top trusses reduce drift: 

• 7 % at moment frame 

• 49 % at braced frame 

Interpreting the results clarifies the stark difference and fosters intuitive understanding of 
different deformation modes of moment and braced frames. 
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PART IV 11 

HORIZONTAL SYSTEMS HORIZONTAL SYSTEMS 


Part III presents structure systems, divided into two categories: horizontal, and 
vertical/lateral. Horizontal systems include floor- and roof framing systems that support 
gravity dead- and live load and transfer it to vertical supports, such as walls and columns. 
As the name implies, vertical/lateral systems include walls, columns and various other 
framing systems that resist gravity load as well as lateral wind- and seismic load. 

In the interest of a structured presentation, both, horizontal and verticai/lateral systems 
are further classified by type of resistance controlling the design. Tnis also helps to 
structure the creative design process. Though many actual systems maylQdli.de several 
modes of resistance, the controlling resistance is assumed for the classification. For 
example, cable stayed systems usually include bending elements like beams, in addition 
to cables o< other tension members. However, at least at the conceptual level, their 
designed is controlled more by tension members than by bending. Therefore they are 
classified as tensile structures. Horizontal systems are presented in four chapters for 
structures controlled by bending, axial, form and tensile resistance. Vertical/lateral 
systems are presented in three chapters for structures controlled by shear-, bending-, 
and axial resistance. 


Bending Resistant 

^ (n) (T\\V 

Bending resistant systems include joist, beam girder, as well as Vierer.deei frame and 
girder, folded plate and cylindrical Shelf. They carry gravity load primarily in bending to a 
support structure. Shear is typically consume it with bending, yet bending usually 
controls the design. Though bending resistant elements and systems are very common, 
,they tend to be less efficientuhan other systems, because bending varies from maximum 
QmpVassfoVi to maximum tension on opposite faces, with zero stress at the neutral axis. 
Kerice only half the cross-section is actually used to full capacity. Yet, this disadvantage 
is often compensated by the fact that most bending members are simple extrusions, but 
trusses are assembled from many parts with costly connections. Like any structure 
system, bending elements are cost effective within a certain span range, usually up to a 
maximum of 120ft (40m). For longer spans the extra cost of more complex systems is 
justified by greater efficiency. 
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HORIZONTAL SYSTEMS Bending Resistant 
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Bending Concepts 

Some concepts are important for an the intuitive understanding of bending members and 
their efficient design. They include the effects of span and overhang, presented in this 
section. Other concepts, such as optimization and the Gerber beam, are included in the 
following section. 


Effect of span 

The effect of the span L for bending members may be demonstrated in the formulas for 
deflection, bending moment and shear for the example of a simple beam under uniform 
load. 


A= (5/384) wL 4 / (El) 

M= wL 2 /8 
V= wL/2 

E= Elastic modulus 
1= Moment of Ine: tin 
L= Length of span 
M = maximum bending moment 
J V= hipimuta'shear force 
\V£) w- Uniform load per unit length 

The formulas demonstrates, deflection increases with the 4th power of span, the bending 
moment increases with the second power, and shear increases linearly. Although this 
example is for a simple beam, the same principle applies to other bending members as 
well. For a beam of constant cross-section, if the span is doubled deflection increases 1 6 
times, the bending four times, but shear would only double. Thus, for long bending 
members deflection usually governs; for medium span bending governs, yet for very 
short ones, shear governs 


1 Beam with deflection A = 1 

2 Beam of double span with deflection A = 1 6 

3 Short beam: shear governs 

4 Medium-span beam: bending governs 

5 Long-span beam: deflection governs 
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Effect of overhang 

Bending moments can be greatly reduced, using the effect of overhangs. This can be 
describe on the example of a beam but applies also to other bending members of 
horizontal, span subject to gravity load as well. For a beam subject to uniform load with 
two overhangs, a ratio of overhangs to mid-span of 1:2.8 (or about 1/3) is optimal, with 
equal positive and negative bending moments. This implies an efficient use of material 
because if the beam has a constant size - which is most common - the beam is used to 
full capacity on both, overhang and span. Compared to the same beam with supports at 
both ends, the bending moment in a beam with two overhangs is about one sixth ! To a 
lesser degree, a single overhang has a similar effect. Thus, taking advantage of 
overhangs in a design may result in great savings and economy of resources. 


1 

2 


Simple beam with end supports and uniform load 

Cantilevers of about 1/3 the span equalize positive and negative bendirg 

moments and reduces them to about one sixth, compared to a beam pfMjal length 
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Beam optimization 

Optimizing long-span girders can save scares resources. The following are a few 
conceptual options to optimize girders. Optimization for a real project requires careful 
evaluation of alternate options, considering interdisciplinary aspects along with purely 
structural ones. 

1 Moment diagram, stepped to reflect required resistance along girder 

2 Steel girder with plates welded on top of flanges for increased resistance 

3 Steel girder with plates welded below flanges for increased resistance 

4 Reinforced concrete girder with reinforcing bars staggered as required 

5 Girder of parabolic shape, following the bending moment distribution 
1 Girder of tapered shape, approximating bending moment distribution 
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Gerber beam 

The Gerber beam is named after its inventor, Gerber, a German engineering professor at 
Munich. The Gerber beam has hinges at inflection points to reduce bending moments, 
takes advantage of continuity, and allows settlements without secondary stresses. The 
Gerber beam was developed in response to failures, caused by unequal foundation 
settlements in 19 th century railroad bridges. 


1 

2 

3 

4 


Simple beams over three spans 

Reduced bending moment in continuous beam 

Failure of continuous beam due to unequal foundation settlement, causing the span 
to double and the moment to increase four times 

Gerber beam with hinges at inflection points minimizes bending moments and avoids 
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Joist, Beam, Girder 

Joists, beams, and girders can be arranged in three different configurations: joists 
supported by columns or walls 1 ; joists supported by beams that are supported by 
columns 2 ; and joists supported by beams, that are supported by girders, that are 
supported by columns 3 . The relationship between joist, beam, and girder can be either 
flush or layered framing. Flush framing, with top of joists, beams, and girders flush with 
each other, requires less structural depth but may require additional depth for mechanical 
systems. Layered framing allows the integration of mechanical systems. With main ducts 
running between beams and secondary ducts between joists. Further, flush framing for 
steel requires more complex joining, with joists welded or bolted into the side of beams to 
support gravity load. Layered framing with joists on top of beams with simple connection 
to prevent displacement only 

2 Single layer framing: joists supported directly by walls 

3 Double layer framing: joists supported by beams and beams by columns 

4 Triple layer framing: joists supported bv beams, beai^s by girders, ana 
girders by columns 

5 Flush framing: top of joists and beans line up 
May require additional depth fo r mechanical ducts 

6 Layerefjjfeming: joists rest on top or beams 
Simble- and less costly framing 

Vlay have main ducts between beams, secondary ducts between joists 

A Joists 

B Beam 

C Girders 

DWall 

E Column 

F Pilaster 

G Concrete slab on corrugated steel deck 
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National Gallery, Berlin (1968) 

Architect: Mies van der Rohe 



The National Gallery was initially commissioned in 1962 for Berlin’s twentieth century art 
collection. In 1965 it was merged with the National-galerie and renamed accordingly. A 
semi-subterranean podium structure of granite-paved concrete is the base for the main 
structure, a steel space-frame of 64.8m (212ft) square has a clear interior height 8.4m 
(28ft). At the roof edge eight cross-shaped steel columns with pin joint at the roof 
cantilever from the podium for lateral resistance. Based on a planning module of 1.2m, 
the unique space-frame consists of two-way steel shapes, 1.8m deep, spaced 3.6m on 
center in both direction. The shallow span/depth ratio oh 33 required the roof to have a 
camper to cancel deformation under gravity load. The entire roof was assembled on 
ground from factory pre-welded units and hydraulically lifted in place on a single day. 
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School in Gurtweil, Germany (1972) 

Architect: H. Schaudt 

Engineer: Ingenieurburo fur Holzbau 

A grid of equilateral triangles is the base of this honeycomb often hexagonal classrooms. 
The side length of each regular hexagon is 5.4 m (18 ft). The composition of classrooms 
defines a free-form hall with entry from a central court. The sloping site provides space 
for a partial ground floor for auxiliary spaces below the classroom level. 

Laminated beams spanning three ways presented a challenge to minimize the number of 
beam intersections. The continuous beams need moment connections. To this end, the 
main roof and floor structures have identical configurations but different support 
conditions. Six columns support each hexagonal classroom at the vertices. The 
classroom floors have an additional column at the center of each hexagoprTaSupport the 
cross point of three girders that span the six hexagon vertices. Those columns do not 
interfere with the auxiliary spaces below classrooms. Three beams span between the 
girders to form four triangular panels; Floor joists rest on the oeams and support a 
particle board sub-floor with acoustical and thermal insulation. To provide uninterrupted 
classrooms, the roof structure has no column support within each hexagon. The column- 
free spaces required beams Withggpment connections. The roof deck consists of planks 
with tongue-Wdjgr^ave. Diagonal steel rods, 24 mm (1 in) 4>, with turnbuckles, brace 
some peripheral columns to resist lateral wind load. 

1 Floor structure (roof is similar but without column at hexagon centers) 

2 Column supporting center of floor hexagon 

3 Moment resistant joint of roof beam at hexagon center without column 

A Laminated girder, 12x60 cm (5x24") 

B Steel insert bar with dowels ties beams to column 
C Hexagonal laminated column, (|> 21 cm (8") 

D High-strength concrete core resists compression at top of roof beam 
E Steel strap, 1 0x80 mm (3/8x3"), resists tension at bottom of roof beam 
E Tension straps, 10x80mm, at bottom of beams 
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Labor Palace Turin (1961) 

Architect/Engineer: Pierre Luigi Nervi 


This project, first price of a design competition, was build for the centenary of Italy’s 
unification in 1981 to house an international labor exhibition. The classic order of this 
structure is a departure from Nervi’s funicular oeuvre. Due to a short time from design to 
completion, one of the design objectives was fast construction. The solution of 16 
freestanding mushroom structures allowed for sequential manufacture and erection, a 
critical factor for speedy completion. The facility measures 158x158m and has a height 
of 23m. Each of the 16 units measures 38x38m. The mushrooms are separated by 
gabled skylights of 2m width, that help to accentuate individual units visually, provide 
natural lighting and structural separation. Each mushroom consists of concrete pylons 
that taper from 2.4m at the top to 5.5m at the base in response to *hc- increasing 
bending moment toward the base. The pylons are rounded at the top and cross-formed 
at the base. Twenty tapered steel plate girders cantileve.r from the pylons in a radial 
patterns; with increasing depth toward f he support in respite to greater bending. 
Triangular brackets strength en the transition from girder tc pylon. Stiffener plates welded 
to girder webs stabilizes them against billing and provide a visual pattern in response 
to the sfructurai imperatives. 

(MW> 9 
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Watt Hall, University of Southern California, Los Angeles (1974) 

Architect: Sam Hurst 

Watt Hall, the USC School of Architecture building, features 5x5 foot concrete waffle 
slabs, supported by a column grid of 30 x 30 feet (9x9 m). Four panels above each 
column are solid to resist shear the stress which is maximum over the columns. The 
exposed waffle slab provides a rich ceiling pattern as well as an educational 
demonstration of a common construction technology. 
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Vierendeel 

Named after the Belgian builder Vierendeel who is credited with its invention, the 
Vierendeel girder has rectangular panels, composed of struts, which are connected by 
moment resistant joints. Since load is resisted in frame action rather than truss action, 
the terms Vierendeel girder or frame (depending on configuration) are more suitable than 
Vierendeel truss which implies triangular panels and axial stress rather than bending 
stress. Compared to trusses with triangular panels, rectangular Vierendeel panels allow 
ducts or pipes to pass through with greater ease. Rectangular panels also have a 
different visual appearance. Vierendeel girders resist load in combined axial and 
bending stress and, thus, tend to be less efficient than trusses of triangular panels, which 
resist load in axial tension and compression. Bending stress in members varies from 
zero at the neutral axis to maximum at the outer fibers, but axial stress is uniform and 
thus more efficient. For convenience, we refer to horizontal and vertical struts as chord 
and web, respectively. The load bearing of Vierendeel girdersCSM flames can be 
visualized by magnifying their deformation under load. A sing, e-bay Vierendeel 1 deforms 
under gravity load similar to a moment resisting portal frame 2 : top anc bottom chords 
develop positive moments at mid span and negative moments at both ends, with two 
inflection points at the transition. Chard rotation is transmitted to webs and deforms them 
into S-shapes. The resulting wetCnicmentS are inverse on top and bottom, with inflection 
points of zero moment at mid height. Under lateral load 3 both chord and web struts are 
deformed witpypigie inflection points in the middle. In multi-bay girders 5 , too, webs 
deform under both gravity- and lateral loads similar to frames 6 ' 7 , with inflection points that 
may be hinged. However, the chords develop single inflection points for both lateral and 
gravity loads, except the center bay which has two inflection points under gravity load. In 
girders with even number of bays and a center web strut, all chords have single inflection 
points. Since all web struts, assume inflection points under both gravity and lateral load, 
they could have hinges at those points, provided those hinges can resist out-of-plane 
deformation to avoid instability. 

1 Single-bay Vierendeel girder 

2 Deformation under gravity load 

3 Deformation under lateral load 

4 Web struts with hinges at inflection points 

5 3i-bay Vierendeel girder 

6 Deformation under gravity load 

7 Deformation under lateral load 

8 3-bay web struts with hinges at inflection points 


4 8 
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Vierendeel girders resist load in combed beam action and frame action as shown on the 
left and right diagrams, respectively. Load causes global shear and bending which 
elongates the bottom in tension and shortens the top in compression. The internal 
reaction to global shear and bending is different in a Vierendeel compared to a beam. A 
beam's bending stress varies gradually over the cross-section, but global bending in a 
Vierendeel causes concentrated tension and compression forces in the chords. By visual 
inspection we can derive simple formulas for approximate axial and shear forces and 
bending moments. Respective stresses are found using formulas for axial, shear and 
bending stress and superimposing them. Chord tension T and compression C are 
computed, dividing the respective global moment M by frame depth D (distance between 
centers of chords). 

C = T = M / D 

Bending of individual struts can be visualized too. In a structure where moment resistant 
strut/chord connections are replaced with hinges, chords would delect as independent 
beams 6 . Assuming flexible chords and stiff webs, vertioa 1 shear would G’e f crm chords to 
S-shapes with inflection point. Assuming flexib'e webs and stiff chords, horizontal shear, 
caused by a compressive force (lushing outward bn iop and a tensile force pulling inward 
on the bottom, would detorm webs to S-shapes with inflection point. The combined effect 
of these two i^&lized cases imparts S-snaped deformation and inflection points in both 
chore and web strips. The deformation yields strut bending moments which vary from 
positive to negative along each strut. Top and bottom chords carry each about half the 
i tow shear V. Assuming inflection points at midpoints of chords, the local chord moment 
M is half the shear V multiplied by half the chord length. 

M = (V / 2) (e / 2) 

The moment M is maximum at supports where shear is greatest and equal to support 
reactions. For equilibrium, webs have to balance chord moments at each joint. Their 
moment equals the difference of adjacent chord moments. 

1 Gravity load on a Vierendeel 

2 Global shear (in overall system rather than individual members) 

3 Global bending (in overall system rather than individual members) 

4 Compression and tension in top and bottom chord, respectively 

5 Free-body visualizes derivation of chord tension T and compression C 

6 Global shear deformation 

7 Chord bending, assuming flexible chords and stiff webs 

8 Web bending, assuming flexible webs and stiff chords 

9 Combined chord and web bending under actual condition 

1 0 Free-bodies visualize derivation of chord bending moment M 
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Configurations 

Vierendeels may have various configurations, including one-way and two-way spans. 

One-way girders may be simply supported or continuous over more than two supports. 
They may be planar or prismatic with triangular or square profile for improved lateral load 
resistance. Some highway pedestrian bridges are of the latter type. A triangular cross- 
section has added stability, inherent in triangular geometry. It could be integrated with 
bands of skylights on top of girders. 


When supports are provided on all sides, Vierendeel frames of two-way or three-way 
spans are possible options. They require less depth, can carry more load, have less 
deflection, and resist lateral load as well as gravity load. The two-way option is well 
suited for orthogonal plans; the three-way option adapts better to plans based on 
triangles, hexagons, or free-form variations thereof. 




Moment resistant space frames for multi-story or high-rise buildings rt 
special case of the Vierendeel concept. 

1 One-way planar Vierendeel girdaCT^ 

2 One-way prismatic Vierendeei girder o f iriynguiar cross-section 

3 One-way prismatic Vie r enrieel girder of square cross-section 

4 Two-w$FJ)'ierendeel space frame 

5- Three- vay Vierendeel space frame 

t Vulti-.story Vierendeel space frame 


ay be considered a 
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Salk Institute, La Jolla, California (1966) 

Architect: Louis I. Kahn 

Engineer: August Komendant and Fred Dubin Associates 

The Salk Institute in Lajolla houses two research laboratories, flanked by service towers 
facing the outside, and study cells for scientists facing a central courtyard with view to the 
Pacific Ocean. North being oriented to the left on the drawing, offices are located on 
both west ends of the two lab wings. Mechanical rooms are located to the east. The 
courtyard concept was inspired by Dr. Salk's memory of the monastery of St. Francis of 
Assisi which he visited in the 1 950's. This concept and the sparse use of material, 
reinforced concrete, accented by the study cell's teak wood finish, give the Salk Institute 
a serene beauty. 

To avoid interior columns for greater flexibility, 9 ft (2.7m)-deep Vierendeel girders of 
prestressed concrete span across the width of the labs. These girders are located at 
interstitial spaces between ceiling and floor to provide space f or ductfdr:d pipes, allowing 
access to change them as required by evolving research needs. The Vierepoeel struts 
vary in thickness and shape to reflect sariab e sTess patterns. Top- and bottom chords 
are tapered for increased depth toward the suppqrfgTSvhtie global shear, which 
generates chord bending stress, is gieatesi. Vertical struts, too, vary from minimum 
thickness at mid-span to max'mitcryswaid the supports, since their bending is the sum of 
ihe bending oral J chords connected to them. Flowever, the greatest bending in vertical 
struts occurs not over the supports but at struts next to them, since they absorb bending 
. from chords on both sides; yet end struts transfer bending to only one set of chords. 


Perspective section, courtesy Salk Institute 
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Beinecke library, Yale University, New Haven, Connecticut (1963) 

Architect and Engineer: Skidmore, Owings and Merrill 

The Beinecke library of Yale University for rare books has a 5-level central book tower, 
freestanding within a single story donut-shaped hall that extends over the full height of 
the tower. The tower holds 180,000 books and is climatically separated from the 
surrounding hall by a glass curtain wall. 


The library’s five-story open space is framed by a unique structural concept. Four 
Vierendeel steel frames, 50 ft (15 m) high, support the roof and wall load and span 131 
and 88 ft (40 and 27m) in length and width, respectively. The frames are supported by a 
reinforced concrete plate that transfers the load via steel pin joints to four reinforced 
concrete pylons. The Vierendeel frames consist of 8'-8" (2.6m) prefabricated steel 
crosses, welded together during erection. The cladding of the crosses express pin joints 




3 A - A 
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Recreation center, UC Davis, California 

Architect: Perkins & Will 
Engineer: Leon A. Riesemberg 

The recreation center for the University of California at Davis holds 10,000 spectators for 
occasional events. Considering the low-rise context around the facility, a major design 
objective was to minimize the height. This was achieved by several means. The main 
level is 10 ft (2.7m) below grade. Landscaped earth berms, filled from the excavated soil, 
surround the facility to reduce its visual height. Along the building edge the roof deck is 
attached to the bottom chord to further reduce the bulk of the facility. The exposed space 
frame articulates the facade as well. 

The Vierendeel space frame of steel tubing spans 252x315 ffcff7>96n) with modules of 
21x21x14ft (6x6x4m) for span/depth ratios of 18 and 22 in width and length directions, 
respectively. The optimum depth determined by computer was 1 5ft, bur 14ft, the limit for 
rail or highway transportation was selectee. The structuie consists of 16in (406 mm) 
square tubing, ranging from 3/18 to 0/'8in '(-9 w 16mm) thickness according to force 
distribution. Compared to a space truss with diagonal struts, Vierendeel frames make it 
easier to integrate lighting, mechanical ducts, and catwalks for maintenance. The 
structure weighs 15psf (73kg/m 2 ) and was built in 1977 for $11.54/ft2 ($124/m 2 ). It was 
, Assembled in units spanning 1/3 the width of 252ft (77m). For economy sake, the tubular 
struts where shop welded from steel plates rather than using finished tubing. 
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Folded Plate 

The effect of folding on folded plates can be visualized with a sheet of paper. A flat 
paper deforms even under its own weight. Folding the paper adds strength and stiffness; 
yet under heavy load the folds may buckle. To secure the folds at both ends increases 
stability against buckling 

1 Flat paper deforms under its own weight 

2 Folding paper increases strength and stiffness 

3 Paper buckling under heavy load 

4 Secured ends help resist buckling 
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Folded plate behavior 

Folded plates combine slab action with beam action. In length direction they act like thin 
inclined beams of great depth, stabilized against buckling at top and bottom by adjoining 
plates. In width direction they are one-way slabs that span between adjacent plates. 

1 Folded plate concept 

2 Slab action in width direction 

3 Slab-and-beam equivalent 

4 Beam action in length direction 

A Bending deformation causes top compression and bottom tension 
B Horizontal shear caused by compression and tension 
C Vertical shear is maximum at supports and zero at mid span 


Bending in folded plates causes top compression and bottom tension. Folded plates also 
tend to flatten out under gravity load, which may be prevented by walls or frames at end 
supports. Tendency of end panel buckling can be resisted by edge beams. 

1 Bending visualized as external compression and tension forces 

2 Flattened folded plate under gravity load 

3 Folded plate with walls and frames to resist flattening 

4 Buckled end panels 

5 End panels stabilized by edge beams 

A Stabilizing wall at support and, for long systems, at mid-span 
B Stabilizing frame at support and, for long systems, at mid-span 
C Edge beam to stabilize end panel against buckling 
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Folded plate forms 

Folded plates may have many one-way, two-, or three-way spans. They may be 
motivated by aesthetic or spatial objectives, or to add strength and stability to a system. 
In areas with snow, flat folded plates are problematic since snow can accumulate in the 
valleys. One-way systems are shown below; Two and three-way systems are right. 

1 Folded plate with one straight and one gabled edge 

2 Folded plate with offset gabled edges 

3 Folded plate with gabled edges offset at mid-span 

4 Folded plate with vertical support folding and gables offset at mid-span 


Folded plates may be two or three-way systems. 

1 Three-way folded plate unit and assembly on triangular base plan 

2 Two-way folded plate unit and assembly on square base plan 

3 Three-way folded plate unit and assembly on hexagonal base plan 
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Railroad Station Savona, Italy (1961) 

Architect: Antonio Nervi 
Engineer: Pier Luigi Nervi 


K 


This first prize of a design competition consists of site-cast concrete folded plates, 
supported by a folded plate concrete wall on the rear which also provides lateral stability. 
Ten concrete pylons support the public entry front. The pylons are cantilevered from a 
grade beam for lateral stability in length direction. The pylons transform from rectangular 
cross-section in length direction at the ground to rectangular cross-section in width 
direction at the roof. They support a u-shaped roof girder that is integral with and 
supports the folded plate roof. One-third of the roof overhangs in front, beyond the 
girder. The overhang is tapered, transforming from the folded plate profile to a flat roof 
edge. The taper makes an elegant edge in logic response to the diminished negative 
bending moment requiring less depth at the edge. Light-weight gabled roof elements 


cover the folded plates over interior space for waterproofing. Over the ^central area 
skylights, integrated in the roof, provide natural lighting^r\ l \ \\\ 

1 Folded plate concrete roof layout 

2 Typical folded plate concrete unit 

A Cross-section through roof overhang with tapered folded plates and u-shape girder 
B Length-section through folded piates 

i rvi \\ u — V 



11-20 HORIZONTAL SYSTEMS Bending Resistant 


Gunma Music Center, Takasaki, Japan (1961) 

Architect: Antonin Raymond 
Engineer: Tsuyashi Okamoto 

This Gunma music center for the Gunma Philharmonic Orchestra, consist of a folded 
plate concrete roof of 60 m span and folded plate walls, that form frames to resist gravity 
and lateral loads. The architect, a former student of Frank Lloyd Wright at Taliesin took 
the challenge to design the center for the following requirements: 

• The center had to be fire and earthquake proof 

• Good acoustics for the music center 

• Provide for Kabuki performances that required a revolving stage 

The folded plate roof is 3.3 m deep for a span/depth ratio of 1:18. Two wings flanking the 
stage for meeting and green rooms, also have folded plate roofs. 


Shopping Center, Wurzburg, Germany 

Architect: Schonewolff and Geisendorfer 
Engineer: Julius Natterer 

The folded plate wood roof modules are 7 m wide and span 16.25 m for the large space; 
5 m wide and span 12.5 m for small spaces. 

1 View of folded plate wood roof 

2 Cross-section of typical folded plate module 

3 Detail of valley joint 

A Tie strut 135x520 mm. At both ends 
B Folded plate cross planking 4 cm 
C Transverse ribs, 8x16 cm, spaced 1.9 m 
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Cylindrical Shell 

The shape effect of cylindrical shells can be visualized with paper. A flat paper deforms 
even under its own weight. To roll or bend paper into cylindrical shapes adds strength 
and stiffness; yet heavy load may flatten and buckle the paper. Securing both ends 
prevents buckling 

1 Flat paper deforms under its own weight 

2 Rolling paper increases strength and stiffness 

3 Cylindrical form also increase strength and stiffness 

4 Paper buckling under heavy load 

5 Secured ends help resist buckling 
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Cylindrical shell behavior 

Considering their name, cylindrical shells could be part of shells; but they are included 
here because they resist load primarily in bending, unlike shells which act primarily in 
tension and compression. Most cylindrical shells have semi-cylindrical cross-sections 
and act much like beams of such cross-section, spanning horizontally to transfer gravity 
load to supports. Like beams under gravity load, bending in cylindrical shells cause 
compressive stress on top and tensile stress at the bottom. Unlike vaults with primary 
span in width direction. Differential bending stress, pushing and pulling on top and 
bottom generates horizontal shear stress in cylindrical shells. To satisfy equilibrium, 
horizontal shear causes also vertical shear which can be visualized as tendency of 
individual parts to slide vertically with respect to one-another. Stress distribution over the 
cross-section is also similar to beams. Bending stress varies from maximum 
compression on top to maximum tension on the bottom, with zero stress at the neutral 
axis. In contrast, shear stress is maximum at the neutral axis and zero on top and 
bottom. Compressive stress in cylindrical shells also cau$& '-buckling, flftis can be 
resisted by cross-walls or ribs. 


Compressive stress on top Tensile stress at bottom, with some arch action 

Horizontal shear generated bv differential compressive and tensile stress 

Vertical shear visualized 

Bending stress distribution 

Shear stress distribution 

Buckling under gravity load 

Buckling under lateral load 

Wall panels to resist buckling 

Ribs to resist buckling 
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Configurations 

Cylindrical shells can have various configurations: cross-sections of half or quarter 
cylinders, or other curved forms; they may have closed ends or be open at one or both 
ends; they may be simply supported, cantilevered, or span two supports with one or two 
overhangs. The end units may be open or closed. Butterfly cross-sections are also 
possible if designed to resist bending in width direction. The intersection between 
adjacent shells must incorporate a gutter to drain rainwater. In snow areas, horizontal 
cylindrical shells are problematic, since snow would accumulate in the valleys. 

1 Semi-circular cylindrical shells, simply supported, with glass ends 

2 Shallow units cantilever from a beam, designed to resist rotation 

3 Butterfly units, cantilevered from pylons 


Skylights 

Various skylight forms maybe integrated with cylindrical shells. This has been a popular 
solution for natural lighting of industrial buildings. Combining the inherent strength, 
stiffness, and stability of cylindrical shell forms with natural lighting is a logical design 
strategy. The skylights may be inclined in the shell form, or flat on top, or in the vertical 
plane of a quarter-cylindrical shell. Skylights could be incorporated with a truss as part of 
the cylindrical shell. An important factor in integrated skylights is waterproofing to 
prevent leaks, and to incorporate some form of gutter for drainage. 

1 Cylindrical shell with truss skylight 

2 Skylight on top of cylindrical shell 

3 Vertical skylight with cylindrical shell of quarter cross-section 
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Kimbell Art Museum 

Architect: Louis Kahn 
Engineer: Kommendant 


The Kimbell Art Museum is composed of three parts: the central main entrance, facing 
bookstore and library is flanked by two gallery wings, one on each side. The gallery 
wings include atrium courtyards. The entire facility is composed of 16 modules of about 
30x1 00ft (9x31 m). The modules consists of cycloid shells, 24ft (7.3m) wide with a flat 
part of 6ft (1.8m) between them (the cycloid cross-section is formed by a point on a 
moving wheel). A 30in (76 cm) wide skylight extends on top of each shell unit. A metal 
deflector below each skylight reflects the daylight against the interior surface of the 
cycloid shells for indirect natural lighting. The cycloid shells consist of post-tensioned 
cast-in-place concrete. They where cast, using a single movable form-work used 
repetitively. The flat roof between cycloid shells forms an inverted U to house 
mechanical ducts and pipes as required. 



1 Exploded isometric view 

2 Cycloid, formed by a point on a cycle that moves horizontally 

3 Cross-section of cycloid shells 

A Point on the cycle that 
B Cycloid traced by the point on a cycle 
C Linear skylight 
D Reflectors of polished metal 
E Mechanical ducts 
F Duct cover 
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California Museum of Science and Industry 

Architect: California State Architect Office 
Engineer: T. Y. Lin and Associates 

The roof of this rectangular museum consists of ten cylindrical shells and two half shells 
as curved overhangs on the north and south sides. A group of eight inverted conical 
shells provides a canopy for the main south side entry. The cylindrical shells provide 
spatial relief and articulation for this stark rectangular plan. They continuo over two bays 
with overhangs on both ends and with span/depth ratios of 10. Post-tensioned tendons 
are draped to approximate a parabola in space. Reflecting the bending deformation of 
the shells, the parabolic form has an uplifting effect to counteract and minimize 
deflection. The tendons are prestressed to produce a camber, designed to offset 
deflection due to dead load and partial live load. The cylindrical shells where site-cast, 
using lightweight concrete (80% of normal weight concrete) to minimize dtSfr load. This 
is important in areas of seismic activity, like Los Angele^Aince seismfc forces are 
proportional to mass, which corresponds to deadweight. The shell thickness increases 
toward the base where thev form boa t s between adjacent unit® > 

J\ IvWVmWWi 

1 Isometric roof plan 

2 Length s$efjb,n in east-west direction 

3 Typical sheii cross-section 

A post-tensioned prestress tendons, draped to offset deflection 
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Kindergarten Yukari, Tokyo 

Architect: Kenzo Tange 

The fan-shaped plan of the Yukari Kindergarten for 280 children is designed in response 
to a conic site of mild slope. The director of the facility, an artist, wanted an environment 
of artistic inspiration for children of this kindergarten. The plan and space are strongly 
defined by prefabricated cylindrical concrete shells, consisting of twin quarter-circular 
elements with top stems for assembly and to hold the prestress tendons. Fan-shaped 
shells accommodate the plan layout: each twin unit covers a modular space; large 
spaces are covered by several units. Glass end walls emphasize the cylindrical shells 
and extend them visually to the outside. Unit lengths vary with the spatial requirements. 
The plan shows at left the roof and at right the floor plan with shells as dotted lines. 
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Tensile-resistant systems include stayed, suspended, cable truss, anticlastic, and 
pneumatic structures. Although compression, bending and shear may be present in 
some tensile structures, tensile stress is most prominent. For example, cable-stayed 
systems may include bending resistant beams and joists, yet they are secondary to 
primary stay cables or rods. Compared to bending and compression, tensile elements 
are most efficient, using material to full capacity. Bending elements use only half the 
material effectively, since bending stress varies from compression to tension, with zero 
stress at the neutral axis. Compression elements are subject to buckling of reduced 
capacity as slenderness increases. Furthermore, some tension elements, such as steel 
cables, have much greater strength than columns or beams of mild steel, because they 
are drawn (stretched) during manufacturing to increase strength. Flowever, the overall 
efficiency of tensile structures depends greatly on supports, such as ground anchors. If 
poorly integrated, they may require a large share of the budget. Therefore effective 
anchorage is an important design factor. For example, the use of ^elf-stabilizing 
compression rings or infrastructures, such as grandstands, to resist tensile forces can be 
an effective means of reducing support-costs. 

Tension members 


1 Steel rod 

E = 30,000 ksi, Fa = 30 ksi, 100 % metallic 

2 Strand consists of 7 or more wires (provides good stiffness, low flexibility) 
E = 22,000 to 24,000 ksi; F a = 70 ksi, 70% metallic 

3 Wire rope consists of 7 strands (provides good flexibility, low stiffness) 

E = 12,000 to 20,000 ksi, F a = 70 ksi, 60% metallic 
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Prestress 

Tensile structures usually include flexible membranes and cables that effectively resist 
tensile forces but get slack under compression. Yet, under some load conditions, 
compressive forces may be induced in flexible tensile members. Prestress allows flexible 
members to absorb compressive stress without getting slack which would cause 
instability. Prestress also reduces deformation to half. These phenomena may be 
observed on a simple string. 

Consider a vertical string fastened on top and bottom. If a load is applied at mid-height, 
the top link absorbs the entire load, and the lower link will get slack and unstable. 

Now consider the same string prestressed (with turnbuckles for example). The same 
load applied at mid-height will be carried half by the top link (through> increase of 
prestress) and half by the lower link (through decrease of presiresfaffASince both links are 
active, each will absorb only half the load, reducing the deformation vo half and avoiding 
the lower link from getting slack and unstable. Since half the ioad is absorbed by each 
link, when the applied load reaches twice the piestress o: more, the lower link will get 
slack, jus* as the string with no piestress. Given similar conditions in a structure, 
prestress sfiod@u>e at least tjaffJot the design load to prevent slack members and 
i istabii'ty. Alec, 'css of prestress due to creep and temperature variation should be 
Atnsidered. 

The correlation between prestress, load, and deformation, described above, is visualized 
in the stress/strain diagram below. 

1 String without prestress 

2 String with prestress 

3 Stress/strain diagram of both strings 

A Stress/strain line of un-prestressed string 
B Stress/strain line of prestressed string 
C Point where prestress is reduced to zero under load 
D Stress/strain line of string after loss of prestress 
F Force 

f Stress 

P applied load 

PS Prestress 

A Deformation 
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Stayed Structures 

Stayed structures consist of beams or trusses that are intermittently supported by strands 
or rods (strands and rods have greater stiffness than wire ropes and hence reduce 
deflection). Although stays usually support structures, pulling from above, they may also 
push from below by means of compression struts. The latter is also referred to as cable- 
propped or just propped. Given the slope of stays, they generate not only a vertical uplift 
but also a horizontal reaction in the supported members and masts. In beams the 
horizontal reactions yield compression; in masts they introduce bending and overturn 
moments, unless stays on both sides balance the horizontal reactions. 

The span/depth ratio of stayed and propped structures is an important design factor. A 
shallow depth results in great tension and compression in stays and beam respectively, a 
steep slope has the opposite effect. The relationship of cable slope and resulting forces 
is illustrated in the diagrams, showing various slopes and resulting forces for an assumed 
gravity load as vertical vector. Optimal span/depth ratios depend on botfF, architectural 
and structural factors. Architectural factors HfidJde appearance and spatial 
considerations. Structural factors, include the impact on deflection, overall cost of stays, 
beams, masts, and com press ic\njsfruts. As a rue of thumb, the optimal slope for stays is 
about 30 degrees. Optimum span/depth ratio for propped systems is about 10 to 15. 

t Steep stay slope causes small forces but high masts 

2 Stay siope of 25° to30° is usually optimal 

3 Shallow stay slope causes high forces but low masts 

4 Steep props cause small forces but great depth 

5 Span/depth ratio of about 1 0 to 1 5 is optimal 

6 Shallow props cause great forces but small depth 
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Configurations 

Stayed structures may have radial or parallel strands, called radial and harp systems, 
respectively. Combinations of both systems are also possible. Harp systems have 
constant stay forces; the force of radial systems varies with the stay slope. The tributary 
length between radial stays may be adjusted to keep forces constant, i.e., strands with 
shallow slope support small tributary lengths. 

1 Radial system (stay forces vary with slope) 

2 Harp system (constant stay forces) 

3 Mixed system, combining radial and harp patterns 

4 System with variable distance between stay supports to equalize stay forces 


For light-weight roofs, with wind uplift greater than the roof dead weight, stays could by 
added roof to resist wind uplift. Stays can also branch out like trees to reduce length. 
Single masts must be designed to resist overturning under unbalanced load. One-sided 
load causes unbalanced condition that require guy cables. The dead weight of an 
inclined mast may help to balance loads. 

1 Stay cables below the roof resist wind uplift 

2 Inverse tree stays reduce length but require more joints 

3 Single tower with tie-downs at both beam ends to resist overturning 

4 One-sided support with guy cable are unbalanced and less efficient; 

the inclined mast can help to balance the one-sided load 
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McCormick Place, Chicago (1987) 

Architect: Skidmore, Owings and Merrill 
Engineer: Knight and Associates 

The expansion of McCormick Place exhibit hall, located over existing railroad tracks, 
required a long-span roof to provide column-free exhibit space without interfering with the 
tracks. Several structure systems had been investigated before selecting a stayed roof. 
The roof is suspended from 12 concrete pylons, spaced 120x240ft, with 120ft overhangs 
on both long sides. The pylons project 60 feet above the roof. The clear interior height is 
40 feet. Stay cables consist of 3.75in galvanized steel strands, coated with corrosion 
resistant PVC, arranged in parallel harp form at an angle of 25 degrees. The stays 
support steel trusses which support secondary trusses, both 15ft deep and exposed at 
the interior. The concrete pylons are shaped to incorporate mechanical ducts which 
bring conditioned air from a mezzanine below the main floor and exhaust it over the roof, 
without mechanical equipment exposed on the roof. The roof truss edges ore tied to the 
podium of the main hall to provide stability for unbalanced load The podjdm is supported 
by steel columns, spaced to accommodate' the rarrtracks. Combined with the deep 
trusses, the stays have enough redundancy that they can he removed and replaced 
without affecting the structure's integrity. A glass band along the entire fagade under the 
roof trusses and roof skylignts, provide natural lighting. 

' Isometric restructure 

2 Cross-section of upper level with stayed roof 

3 id-span stay support detail 

4 Roof edge detail 

A Concrete pylons, shaped to accommodate mechanical ducts 
B Stays, 3.75in galvanized steel strands, PVC coated 
C Truss web bar 
D Stay connection bracket 
E Steel tie secures roof to [odium 
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Suspended Structures 


Suspended structures are used for long-span roofs. They are most effective if the 
curvature is compatible with spatial design objectives, and the horizontal thrust is resisted 
by a compression ring or by infrastructures, such as grandstands. Suspended cables 
effectively resist gravity load in tension, but are unstable under wind uplift and uneven 
loads. Under its own weight a cable assumes the funicular shape of a catenary (Latin for 
chain line). Under load uniformly distributed horizontally, the funicular will be parabolic; 
under point load the funicular is a polygon. Thus, without some means of stabilizing, 
cables assume different shapes for each load. Furthermore, under wind uplift suspended 
cables tend to flutter. Several means can be used to stabilize cables for variable loads 
and wind uplift. Among them are stabilizing cables, anticlastic (saddle-shaped) 
curvature, described later, and ballast weight. However, in seismic areas ballast weight 
would increase the mass and thus lateral loads. 

1 Suspended roof with compression ring to abso(bf iafSra 1 Mist 

2 Suspended roof with grandstands to' resist lateral thrust 

3 Catenary funicular pdepWble sel F weight' 

4 Parabolic funicular under horizontally distributed load 

r\ D3 

5 D olvgor, funicular under point load 

6 Deformed roof under point load 

7 Deformed roof under uneven load (snow at one side, for example) 

8 Roof subject to wind uplift 

9 Roof with convex stabilizing cables to resist uplift and uneven loads 

10 Dead load to resist uplift and reduce deformation under uneven load 
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Recycling hall, Vienna (1981) 

Architect: L. M. Lang 
Engineer: Natterer and Diettrich 


This recycling center features a tent-like wood structure of 560 feet (170m) diameter that 
soars to a height of 220 feet (67m) above ground, supported by a central concrete mast. 
The suspended wood roof consists of 48 radial laminated ribs that rise from outer 
concrete pylons with wood compression ring to the mast top. The ribs follow the funicular 
tension line to carry uniform roof load in pure tension, but asymmetrical loads may cause 
bending stress in the radial ribs that are designed as semi-rigid tension bands with some 
bending resistance capacity. Diagonal boards form the roofing membrane and add shear 
resistance to the assembly of ribs and ring beams. The cylindrical concrete support mast 
cantilevers from a central foundation. It was designed to resist asymmetrical erection 
loads and to contribute to lateral wind load resistance. The oeripnetdi pylons are 
triangular concrete walls with metal brackets on top to secure ihp radial no(5. 

1 Cross section 

2 Roof plan 

3 Top of central support 

4 Typical roof assembly 

A Kadia' laminated wood tension rib, 7.8x31-43 (20x80-1 10cm) 

B Laminated wood ring beams, 5x1 5in (12x39cm) 

C Laminated wood compression ring 
D Steel tension ring 

E Steel anchor bracket 
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Cable Truss 

Cable trusses evolved from needs to stabilize suspension structures against wind uplift 
and unbalanced gravity loads, using a second set of cables with opposing curvature. 
The Swedish engineer Jawerth developed a cable truss with diagonal brace cables 
separating top support- and bottom stabilizing cables that resist wind uplift. This system 
was widely used in the 1960's. Lev Zetlin and other US engineers designed cable 
trusses with various other configurations, including lintel shapes with compression struts 
separating bottom support- and top stabilizing cables. In 1969 the author and his 
students at UC Berkeley developed trusses with flat chord cables separated by 
compression struts and diagonal truss cables. Model tests, a full scale prototype, and 
extensive computer analysis demonstrated great stiffness of these trusses in one-way, 
two-way, and three-way layouts. 

1 Isometric of lintel trusses with bottom support- and top stabilizing cables separated 
by vertical compression struts 

2 Isometric of concave trusses with top supporting- ar d bottom seizing cables 
separated by vertical tension struts 

3 Lintel truss with diagonal compression brace?- 3 

4 Lintel truss with vertical compression strut? 

5 Concave MM with diagonal tension braces 
S' L yoricavo truss with vei tical tension struts 

7 Coooave/liniel truss with diagonal compression braces 
uB Concave/lintel truss with vertical compression struts 

9 Concave gable truss with fan support and stabilizing cables and central 
compression strut 

1 0 Concave gable truss with tension struts and central compression strut 

1 1 Concave support cable and fan stabilizing cables 

12 Parallel chord truss, vertical compression struts and diagonal tension braces 
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Sports center project, University of California, Berkeley (1975) 

Architect: G G Schierle 


Engineer: T Y Lin 


The Intramural sports center extension of the University of California Berkeley is a linear 
extrusion of four multipurpose gyms 120ft (37m) square and an Olympic swimming pool. 
An entrance hall facing the swimming pool links the new and existing facilities (at right in 
the drawing) via a linear circulation that also provides a visual link and overview of major 
spaces. Parallel chord cable trusses, spaced 20ft (6m), span the width of the facility. 
They are bilaterally braced by diagonal guy cables, designed to resist the horizontal 
thrust of the trusses and also provide lateral bracing for wind and seismic forces in both 
the length and width directions. The guy cable anchors line up with handball courts at 
the lower floor which absorb the horizontal force component of the guy cables. The guy 
cables express the lateral resisting system at the faqade, much like buttresses on Gothic 
cathedrals. 


Joint detail of 
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Watts Towers Crescent (1998) 

Architect: G G Schierle with Joe Addo 
Engineer: ASI 

A transparent membrane suspended from radial cable trusses is designed to provide sun 
shading for occasional performances at the Watts towers. The crescent-shaped roof 
follows the crescent-shaped seating below. The cable trusses minimize bulk for optimal 
view of the towers and facilitate fast erection and removal at annual events. The truss 
depth provides desired curvature for the anticlastic membrane panels. Two membranes 
provide shading for spectators and performers over the respective areas. The 
architectural design is shown below. The final computer drawings are shown at right. 
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Anticlastic Structures 

Anticlastic tensile structures are flexible membranes or cable nets of saddle-shaped 
curvature. The term membrane is used here to imply membranes and cable nets. Given 
the nature of flexible membranes, double curvature and prestress are essential for 
stability. This can be observed with simple string models. Two strings pulled in opposite 
directions stabilize a point at their intersection, if the strings are in non-parallel planes 
the stability will be three-dimensional. Similarly, if a series of strings cross in opposite 
directions they stabilize a series of points at their intersection. The cross points form a 
surface, stabilized by anticlastic curvature. The surface may be a membrane of fabric or 
other material or a cable net. Although anticlastic curvature provides stability, some 
elastic deformation is possible due to material elasticity. Thus, steel cable nets with high 
elastic modulus deform less than fabric membranes with lower stiffness. 

In addition to curvature, prestress is also required to stabilize anticlastic membranes. 
This too can be observed on a string model. Applied load elongarasTche string in tension 
and shortens the other in compression. Without prestress, the compressed string will 
get slack and unstable; but prestressed strings absorb compressive stress by reduction 
of prestress. Since preatresra renders both strings active io resist load, the resulting 
deflection is reduced to halt comoarec! to nori-prestressed condition where only one 
string is active. This obseivati^jls also described under Prestress at the beginning of 
tfrs chapter 

Fiat membranes are unstable. This, too, can be observed on a string model. Two 
strings in a flat surface must deform into a polygon to resist load (a straight string would 
assume infinite forces). Therefore, flat membranes are unstable under load. Similarly, 
synclastic (dome-shape) membranes would deform excessively under gravity load and 
flutter in wind. 

1 Two strings crossing in non-parallel planes stabilize a point in space 

2 A series if strings (or a membrane) form a stable surface 

3 Without prestress, one string (or series of strings) would get slack under 
load, causing instability 

4 Strings in a flat surface deform excessively under load, causing instability 
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Minimal surface 

As the name implies, a minimal surface covers any boundary with a minimum of surface 
area. The minimal surface is defined by three criteria: 

• Minimum surface are between any boundary 

• Equal and opposite curvature at any point 

• Uniform stress throughout the surface 

A minimal surface may be anticlastic or flat. A surface of flat or triangular boundaries is 
always flat. Flat membranes are unstable structures. Increased curvature increases 
stability. The minimal surface can be studied on soap film models; but they disappear 
quickly. The author studied quadrilateral plastic models that keep a minimal surface 
after drying. The models revealed: 
f1/f2 = A/B 

This is contrary to Hyperbolic Paraboloid shells. The surface of HP shells passes at mid- 
height between low and high points regardless of boundary conditions. 

1 Minimal surface of square plan 

2 Minimal surface of rhomboid plan 

3 Hyperbolic Paraboloid of square plan 

4 Hyperbolic Paraboloid of rhomboid plan 






Minimal surface equations 

The minimal surface models also revealed equations that define the principle curvature of 
equilateral minimal surfaces (Schierle, 1977): 

Y= fl (X/S1 )( f1+ f2) /f1 + X tan (j> 

Y= f2 (Z/S2)( f1+f2 ) /f2 

The equations are based on empirical studies of minimal surface models of plastic film, 
measured by means of a projected light grid with an accuracy of only 1.26% standard 
deviation. The findings were first published in the Journal for Optimization Theory and 
Application (Schierle, 1977) 

Although the equations are for minimal surface of quadrilateral plans, they provide 
reasonable accuracy for other boundaries as well. This should be further studied. 

1 Plan view of quadrilateral minimal surface 




3 


4 
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Saddle shapes 


Structures symbolyzing mountens (top and sailing (bottom) 


Expo ’64, Sector 7, Lausanne (1964) 

Architect: Saugey / Schierle, Frei Otto, consultant 
Engineer: Froidveaux et Weber 


Sector 7 of the Swiss Expo '64 housed 26 restaurants, designed to connote mountains 
and sails as metaphor of Switzerland as vacation land. A village-like composition of 
quadrilateral membrane was nestled along and partly in lake Geneva to create a leisure 
setting. Each unit of 30/35m diagonal dimensions had three low points and one high 
point supported by steel mast. Colorful canvass membranes were stitched to cable nets 
in plastic tubes of 60/60cm meshes attached to edge cables. The high front was covered 
with a secondary membrane over a 3m tempered glass wall. Two prototypes of 15 and 
23m high masts represented symbolic sails and mountain peaks, respectively. 

1 Top of tall mast 

2 Lake low point anchor 

A Cables 

B Tubular steel mast 

C Steel anchor bracket 

D Concrete sphere 

1 
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Olympic Pool Tokyo (1964) 

Architect: Kenzo Tange 

The 1964 Olympic pool structure consists of two anticlastic saddles, offset to form entries 
and supported by two cables draped over two concrete pylons. The anticlastic saddles 
are formed by flexible beams, designed to resist load in tension, but with some bending 
stiffness to facilitate a curvature suitable for natural ventilation through louvers attached 
to trusses that join the main cables. 


Kagawa Gymnasium (1964) 

Architect: Kenzo Tange 

Built about the same time as the much larger Olympic arena in Tokyo, Tange’s design for 
the Kagawa gymnasium also features an anticlastic cable roof. The gymnasium of 4,707 
m 2 floor features two concave concrete walls that cantilever over 20 m from four giant 
concrete pillars to support a cable roof of 80m span in length direction. The gymnasium 
evokes the metaphor of a ship 
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Olympic Roof, Munich (1972) 

Architect: Guenther Behnisch, Frei Otto, consultant 
Engineer: Leonhard und Andrea / Schlaich 

The metaphor for this projectwas a spider web hovering over the landscape to minimize 
the bulk, usually associated with sports facilities. The prefabricated cable nets consist of 
75cm square meshes, that become rhomboids to assume anticlastic curvature. To 
facilitate this deformation net cables consist of two strands each, joint by concentric 
clamps. The cable roof covers stadium, arena, and swimming pool (clockwise from left 
to right in the site plan below). Acrylic panels, supported by neoprene cylinders attached 
to the cable net, provide natural lighting for optimal TV productions. The roof over 
enclosed spaces has thermal insulation (foam panels between two membranes). The 
thermal assembly provides a translucent enclosure for natural lighting. The stadium roof 
is supported by a ring cable, consisting of ten 100mm strands, suspended from steel 
masts by guy cables that also support flying buttresses that support cablerJ^t high points. 
The arena roof also has flying buttresses; the swimming poeKpdf is suspended from an 
external slanted mast. Unique hardware had to be custom designed and tested, a major 
factor for the high cost. 

1 Axon and section cf typical stadium roof psfieP 

2 Cast steel joints of siadium p^^cable ■ 

3 Flying buttress suppol joint i 

4 Uirigeo camp connecting adjacent cable nets 

6 ^ j^eoprene support and joint/gutter of 3/3m acrylic roof panels 
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Wave shapes 


Recycling center project, Mil Valley, California (1971) 

Architect: Neil Smith and G G Schierle 
Engineer: G G Schierle 


This structure was designed to expand easily in response to needed growth, using a 
modular system. A base module of 25x80ft (7.6x24m) is supported by 22ft (6.7m) high 
masts. Two half end modules provide enclosure at both ends. Only one base module 
with both end enclosures is shown here. For sustainable energy efficiency the 
membrane was designed of translucent natural canvass allowing natural daylight. Edge, 
ridge, and valley cables where designed as bridge rope for flexibility in adjusting to the 
curvatures. Membrane prestress was introduced by turnbuckle adjustment at cable ends 
anchored to helix ground anchors. Variable prestress was required in order for the ridge 
cables to remain in vertical plains as required for repeatability efythe modules. The 
prestress levels were determined by computer analysis. Mats were designed as 
standard steel pipes with pin joint attachment to the fojMdmiom The gin joints avoided 
bending stress for optimal efficiency; moment resistant joints would introduce bending 
stress in the masts under any movement. 
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San Diego Convention Center (1987-89) 

Architect: Arthur Erickson and a joint venture team 
Engineer/membrane designer : Horst Berger 


The San Diego Convention Center features a linear plan of 1.7 million square feet 
(157,935 m 2 ). Part of the top level is designed as outdoor exhibit space, covered with a 
wave-shape membrane roof. The membrane undulates between ridge and valley cables 
that are suspended from triangular concrete pylons. Openings at the membrane ridges 
provide natural ventilation. The openings are protected by secondary membranes 
hovering over them. Flying buttress masts supported by guy cables holding up ridge 
cables provide a column-free interior space. This complex support system makes the 
translucent fabric roof appear seemingly weightless hovering above the space, flooded in 
natural light. The guy cables are also suspended at both ends by triangular concrete 
pylons that contrast the lightweight roof with the solid conventional infrastructure. The 
Teflon-coated glass fiber membrane provides a fireproof enclosure, as required for 
permanent structures of this size. 
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Arch shapes 


Portable classroom Detroit (1967) 

Architect: G G Schierle 
Engineer: Nick Forell 


This portable classroom for Educational Facilities Laboratory, designed and built 1968 for 
ease of erection and transportation. The circular structure of 40 ft diameter consists of 
four circular aluminum arches supporting a two-layer fabric with pockets for 2 inch rigid 
thermal insulation. The four arches are hinge-joined to allow assembly on the ground. 
The structure is erected by rotating the arches in fan-like manner. Two arches are 
staked to the ground; the other two support the membrane and are stabilized by it. 
Elliptical doors and windows correspond to the respective fabric stress patterns. The 
PVC fabric has 600 pli tensile strength. 


Theater pavilion, Armonk, NY (1968) 

Architect: G G Schierle 
Engineer: Wick Forell 
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This 80/120 ft thcaier pavil'c n was designed to be erected for occasional events, consists 
Qf two circuia r aluminum arches with hinge join to allow assembly on the ground. To be 
erected by rotating the arches about their hinge support. The fabric is attached to grade 
beams that are staked to the ground. The slanted aluminum arches are stabilized by the 
membrane, high-strength Hypalon fabric of 800 pli tensile strength. Elliptical door 
openings correspond to the respective fabric stress patterns. Within days after its first 
erection in winter 1968, the structure resisted unharmed snow load and wind gusts above 
the design load. 



Tennis pavilion, Detroit (1968) 

Architect: G G Schierle 

This 60/120 ft tennis pavilion features side walls that are partly removable for natural 
ventilation. The remaining fabric has edge cables, tied to the ground by link cables. 
Three aluminum arches support the fabric and are stabilized by it. The arches are 
hinged at the base to allow erection on the ground. The translucent fabric provides 
diffused natural lighting. The third center arch provides the required height for 
unobstructed ball trajectories. 
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Skating rink, Munich (1983) 

Architect: Kurt Ackermann 
Engineer: Sclaich Bergermann 

This facility, initially designed as ice skating rink was recently converted into an inline- 
skating facility due to the increasing popularity of this new sport. The elliptical rink of 
88x67m is covered by a cable net roof, suspended from a central arch and supported 
along the edges by a series if steel masts with guy cables. A prismatic trussed steel arch 
spans 104m between concrete abutments. The arch supports the cable net and is itself 
stabilized by it. The cable net is suspended to the arch by means of looping edge cables 
along the central spine. The space between the edge cables is designed as a skylight 
that exposes the arch from the inside and provides natural lighting in addition to a 
translucent roofing membrane. The cable net of double strands has 75x75cm meshes to 
which a lattice grid of wood slats is attached at the joints. A translucent PVC membrane 
is nailed to the lattice grid. This unusual combination of materials ;reaies a unique 
interior spatial quality of quite elegance, contrasting the iight iess of tine translucent fabric 
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Point shapes 

Sea World pavilion, Vallejo, California (1994) 

Architect: G G Schierle 
Engineer: ASI 



This conical pavilion is supported by a central steel mast and seven peripheral anchors of 
three steel pipes each. A loop cable and doubled fabric resists the fabric stress 
concentration on top. The loop cable is linked to the mast top by guy cables. Stay 
cables secure the mast top in case of fabric failure. The design process started with 
stretch fabric models exploring alternative designs. The final form and cutting patterns 
were defined by computer. Non-linear computer analysis also defined stress and 
deflection under various design loads. The conical fabric patterns where cut from fabric 
bands in reversed pairs to minimize waist. 
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Garden show pavilion Hamburg (1963) 

Architect: Frei Otto 

This pavilion for the international Garden Show 1961 covers an area of 29/64m and has 
5.5m high masts. The point shape roof was fabricated as flat fabric without patterns. 
The canvass stretched enough to assume the curvature between high and low points. 
The high points are supported by steel masts with laminated wood springs over 
octagonal steel ring to avoid stress peaks. Low points are anchored to the ground to 
resist wind uplift and act as drainage points with rain water collector basins. Membrane 
edge cables are anchored to the ground by guy cables. 


Ice skating rink Villars, Switzerland (1959) 

Architect: Frei Otto 

The sunken skating area is surrounded by spectator seating and covered by a point 
shape canvass membrane roof of 32x64m. The roof membrane is hang from three 
suspension cables that span the length of the rink with steel masts at both ends. Metal 
dishes distribute the membrane stress at support points. Light fixtures are suspended 
from the same support points. Guy cables anchor membrane edge cables to the ground. 






German Pavilion, Expo67, Montreal (1967) 

Architect: Rolf Gutbrod and Frei Otto 
Engineer: Fritz Leonhard 


The German Pavilion at Expo’67 in Montreal was the first price of design competition. 
Following the expo theme Terre des hommes, the objective was a man made landscape 
as free form roof of point shape membrane, suspended from eight high points on steel 
masts and low points for drainage. The membrane consisted of translucent fabric for 
natural lighting, suspended from a cable net of 60x60cm mesh size. Designed before 
computer programs became available, the structure was fabricated based on a 1:75 
scale model that also served for structural testing. A full scale prototype was build to 
develop and test details and erection procedures. This prototype later housed the 
Institute of Lightweight Structures (IL). The structure was prefabricated in Germany and 
assembled on site. The cable net and masts where first erected. The fabric membrane 
was suspended from the net by means of turnbuckles and brackets, designed to allow 
adjustments between fabric and cable net.. The cable net was f ab r icated as a flat 
orthogonal net. During erection, the square- meshes dep/med ; nto rhomboids to take the 
anticlastic curvature. High and low poirns where designed with eye loop cables to 
transfer membrane stress to mast tops. The eye lops featured skylights for natural 
lighting and to emphasize the support points. 
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Pneumatic Structures 

Pneumatic structures are flexible membranes that derive their stability from air pressure. 
They usually have synclastic curvature like domes, but anticlastic curvatures are possible 
as well. Two generic types of pneumatic structure are air supported (low pressure) and 
air inflated (high pressure) systems. The air pressure in inflated high pressure structures 
is 100 to 1000 times greater than in air supported low pressure structures. 

Air supported structures typically have a single fabric layer enclosing a space in form of 
domes or similar shapes. The fabric is supported by inside air pressure. However, 
considering human comfort, air pressure can be only slightly higher than outside 
atmospheric pressure. The low air pressure makes air supported structures more 
vulnerable to flutter under wind load. Since the usable space is under air pressure, door 
openings must have air locks, usually in form of revolving doors to minimize loss of air 
pressure. Air supported structures require continuous air supply, usua'iy with standby 
electric power generator to retain air pressure in case of power outage. 

Air inflated structures are hermetically enclosed volumes that are Inflated under high 
pressure much like a football io provide stctili^.; They fenthave various tubular or 
cushion forms with high air pressure between two layers of fabric that provide usable 
space unaet normal air pressure. ' r he gir pressure ranges from 2 to 70 meters of water, 
yieldingT2.8' ro 100 oounds per square inch pressure, enough to resist gravity and lateral 
load. A/ithout air pressure they would have no stability. Air inflated structures also 
require some continuous air supply to make up for pressure loss due to membrane leaks. 

1 Air supported dome or vault 

2 Air supported vault 

3 Air supported vault with support cables 

4 Air supported dome repetitions 

5 Air inflated cushion 

6 Air inflated tubular vault 

7 Air inflated tubular dome 

8 Air inflated cushion repetitions 
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US Pavilion, Expo 70, Osaka (1970) 

Architect: Davis, Brody, Chermayeff, Geismar, De Harak 
Engineer: David Geiger 


The US Pavilion was the first large-scale pneumatic structure in 1970 with an elliptical 
plan of 466x272 feet (142x83 meters); yet rising only 20 feet (6 meters) from a peripheral 
earth berm, the structure had a very low profile. This shallow curvature was possible 
because the translucent roof membrane was laced to a grid of diagonal cables, spaced 
20x20 feet (6x6 meter) that provided the primary support. The tension cables were 
supported by a concrete compression ring on top of the earth berm by means of 
adjustable anchor bolts. The compression ring formed a gutter to collect rain water along 
the periphery. Bending moments that could have been generated in the compression 
ring resulting of asymmetrical loads, were transferred to and resisted by the earth berm. 
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Fuji Pavilion, Expo 70, Osaka (1970) 

Architect: Yutaka Murata 
Engineer: Mamoru Kawaguchi 


The Fuji Pavilion housed an exhibit and light show of the Fuji corporation in a unique, 
organic form. Over a circular floor plan of 164 feet (50 meter) diameter, the pavilion 
featured a vaulted fabric structure composed of 16 pneumatic arched tubes. The tubes 
of 13 feet (4 meter) diameter were tied together by horizontal belts at 13 feet (4 meter) 
intervals. The tubes consisted of two vinyl fabric layers that were glued together for 
improved tear resistance. Given the circular floor plane, the arching tubes of equal 
length form cross sections that vary from semi-circular at the center to semi-elliptical at 
the entries on both opposite ends. To adjust the structure’s stiffness in response to 
various wind pressures, the tubes were connected by pipes to a multi-stage turbo blower, 
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PART V 15 


VERTICAL SYSTEMS 


VERTICAL SYSTEMS 


General Background 


Vertical structures are presented in four categories, considering primary resistance to 
load: shear, bending, axial, and suspended (tensile). Although most structures combine 
several categories, one usually dominates. For example, axially stressed braced frames 
may also have moment resistant joints, yet the bracing provided most strength and 
stiffness. 




Vertical structures have been a challenge since the famed tower of Babylon. Motivations 
to build tall structures include: a desire to reach toward heaven; to see the world from 
above; the prestige of being tallest, and high land costs. The tallest church tower in Ulm, 
Germany exemplifies the spiritual motivation. The Eiffel tower allows to see Paris from 
Tne towers of the Italian hill-town San Gimignano, and contemporary corporate 
buildings express power and wealth; the latter are also motivated by high land cost. 
Traditional building materials like wood and masonry imposed height limitations 
overcome by new materials like steel and prestressed concrete. The Eiffel tower in Paris 
marks the beginning of tall steel towers. Prestressed concrete towers were pioneered 
1955 by Fritz Leonhard with a television tower in Stuttgart. 
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Tall Structures 


1 

SDR television tower Stuttgart 

1955 

2 

Eiffel tower Paris 

1889 

3 

Chrysler building New York, 

1930 

4 

John Hancock tower Chicago 

1968 

5 

Bank of China tower Hong Kong 

1988 

6 

Empire State building New York 

1933 

7 

Sears tower Chicago 

1974 

8 

CN tower Toronto 

1976 

9 

Transmission tower Warsaw 

1974 
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217 m 712 feet 

300 m 984 feet 

319 m 1047 feet 

344 m 1127 feet 

369 m 1211 feet 

381m 1250 feet 

443 m 1453 feet 
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Gravity load 




Gravity load is the combined live and dead load, acting vertically to generate 
compressive stress in supporting columns or walls. At every level they carry the 
combined loads from above. Since load accumulates from top down, members at the top 
carry the least, those at the bottom carry the most. Steel structures usually have the 
same nominal column size but of increasing unit weight, resulting in thin columns at top 
and bulky ones at ground level. For example W14 wide flange cob mns come in many 
weights from 43 to 730 plf (64 to 1,086 kg/m) with capaoities/af 272 to 4,644 k (1,210 to 
20,656 kN). It is also possible to use higher strength steel at lower floors However, 
increase in steel strength does not yieid hig.ier stiffness since the modulus or elasticity of 
steel is constant regardless of strength, -or concrete structures it is possible to increase 
concrete strength and stiffness, or tc increase the cross sectional area. If a mechanical 
room is.br; tKeJcp floor it is possible to balance the decreasing need for duct sizes from 
top down, with need for increasing column sizes from top to bottom. Eero Saarinen 
designed tee CBS tower New York with such a strategy but was only partly consistent 
since the lower floors are served from a mechanical room on the second floor. 


structure with increasing column size as load increases from top down 
Light-weight wide-flange column 

Heavy weight wide-flange column of equal nominal size as in 2 above 
Increasing column size dovetails with reducing duct size from top down 
Small column cross section and large duct size on top column 
Large column cross section and small duct size on lower floor column 
Large column on ground level where no duct space is needed 
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Lateral load 

The effect of lateral load on tall structures is similar to gravity load on cantilevers, such as 
balconies. Tall structures act like cantilevers projecting from the ground. Lateral load 
generates shear and bending that may be presented in respective shear and bending 
diagrams as in a cantilever beam. Yet there are important differences, The shear and 
bending diagrams for buildings are usually global, for the entire system rather than for 
individual elements like beams. For example, global bending (overturn moment) causes 
axial tension and compression in columns, and local shear and bending in beams. 
Further, lateral wind and seismic loads are non-uniform. Wind force increases with 
height due to higher wind speed and reduced friction. Seismic forces increase with 
height in proportion to increasing acceleration (acceleration increases with height due to 
increased drift). However, shear increases from top to bottom since the structure at each 
floor must resist not only the force at that floor but the forces from all floors above as well. 
The non-uniform wind and seismic loads cause nonlinear shear distrt§Dtion 

1 Cantilever beam with shear and bending deformation 

2 Tall building with shear and herding deformation 

3 Shear and bending diagrams for uniform load on a cantilever beam 

4 Shear and bending diagrams for ide alized uniform load on a building 

5 Verticaf(®tribution of wind force, shear, and bending diagrams 

6 Vertical distribution of seismic force, shear, and bending diagrams 

^VJF Load/force diagram 
B Shear deformation 

C Bending deformation 
D Shear diagram 
E Moment diagram 
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Lateral resistance 

Lateral loads may be resisted by shear walls, cantilevers, moment frames, braced 
frames, or combinations thereof. The choice of a suitable system depends on structural 
and architectural objectives. Shear walls and braced frames are strong and stiff, 
cantilevers and moment frames are more ductile, to dissipate seismic energy. Shear 
walls are good for apartments or hotels that require party-walls between units. Moment 
frames offer better planning flexibility required for office buildings with changing tenant 
needs. 


Shear walls resist lateral load primarily through in-plane shear. They may be of 
reinforced concrete or masonry, or, for low-rise, of wood studs with plywood or particle 
board sheathing. Short shear walls tend to overturn and must be stabilized by dead load 
or tie-downs. 


Cantilevers are slender elements that resist load primarily in bending. Rote houses are 
cantilevers; but more commonly, cantilevers are of reinfofped ('onbre\ef(W\ masonry, 
anchored to foundations, wide enough to resist overt jti) Overturn cause compression 
on one side and tension on the other. Comoression acts in addition to gravity, tension 
may be partly offset by grav'ty et»n1 i p r essior'. In la'I cantilevers, tension due to lateral load 
may be greater than gravity compression, resulting in net tension. 

Moment frames consistent of posts and beams connected by moment resistant joints. 
They may Lie of steel or reinforced concrete. To resist seismic load, concrete should 
have ductile reinforcement that yields before brittle concrete failure. Ductile design 
results in greater concrete members with less reinforcing steel. 


Braced frames may have diagonal-, A-, X-, or V-braces. The best bracing scheme 
depends on structural and architectural considerations. K-bracing tend to buckle 
columns and must not be used. X-bracing allows no doors and requires more joints for 
greater cost; but X-bracing can be of tension rods to eliminate buckling. A- and V-braces 
are shorter than single diagonals and result in reduced buckling, (however, beams must 
be designed for the full span since bracing may adversely effect the beam load). Braced 
frames are usually of steel but may be of reinforced concrete or wood (for low-rise). 


1 Long shear wall resists in-plane load in shear primarily 

2 Shear wall supports adjacent bays (slender walls tend to overturn) 

3 Cantilever resists lateral load primarily in bending 

4 Cantilever supporting adjacent bays 

5 Moment frame requires moment resisting beam-column joints to resist lateral load 
by beam-column interaction 

6 Moment frames at both ends supports intermittent bays 

7 Braced frame with diagonal bracing 

8 braced center core supports adjacent bays 
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Braced /moment frame 

Combined braced/moment frames are used to reduce drift under lateral load. Moment 
frames have the greatest drift at the building base, but braced frames have the greatest 
drift on top. Combining the two systems reduces drift at both base and top. The 
objectives to reduce drift are: 
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Structure systems 

The vertical-lateral framing systems of wall, cantilever, braced frame, and moment 
resisting frame, shown from left to right, may be optimized for height and use, including 
combinations of systems. The importance to select an efficient system increases with 
building height in order to achieve a low weight per floor area ratio for the structure. The 
late engineer Fazlur Kahn of Skidmore Owings and Merrill recommended the following 
systems for various heights: 


Concrete moment resisting frame 
Steel moment resisting frame 
Concrete shear wall 
Braced moment resisting frame 
Belt truss 

Framed concrete tube 
Framed steel tube 
Braced tube 
Bundled tube 

Truss tube without interior columns 


m 


Ceil jlar shear walls 

Exterior shear walls 

Curved shear walls 

Cantilever core with cantilever floors 

Cantilever round core with cantilever floors 

Cantilever core with suspended floors 

Moment resistant frame 

Moment frame with two shear cores 

Moment frame with single shear core 

Braced core 



1 1 Braced exterior bays 

1 2 Braced core with outrigger trusses 
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Tubular systems incorporate lateral resistance into the skin by either some form of 
bracing or narrowly spaced columns with moment resisting beam-column connections. 
For very tall buildings, bundled tubes increase lateral resistance with interior cell “walls” 
to reduce shear lag between exterior skin bracing. The Sears tower in Chicago has a 
framed bundled tube structure. 

1 Framed tube 

2 Braced tube 

3 Bundled tube, framed 

4 Bundled tube, braced 
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Structure systems vs. height 

The diagram is based on a study by the late Fazlur Kahn regarding optimal structure 
system for buildings of various heights, defined by number of stories. 
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No Int. Columns 






Structure weights 

The amount of structural steel required per floor area is a common measure of efficiency 
for steel structures. Comparing various systems demonstrates the importance of 
selecting a suitable system. As shown in the diagram, considering gravity load alone, the 
structural weight would increase only slightly with height. The effect of lateral load, 
however, accelerates the increase dramatically and at a non-linear rate. 

1 Structural steel weight related to building height (by Fazlur Kahn) 

2 Weight of structural steel per floor area of actual buildings 

A Number of stories 

B Weight of structural steel in psf (pounds per square foot) 

C Weight of structural steel in N/m 2 

D Weight of structural steel considering floor framing only 
E Weight of structural steel considering gravity load only 
F Weight of structural steel for total structure optimized 

G Weight of structural steel for total structure not oplrf;iz 

FI Empire State building New Yhrk 

I Chrysler building New YorAjY \V 
J Wor'd Trade center New Yo r k 

,K , ' Sears fewer Chicago 
L Fan Am buiidi^) New York 

M United Nations building New York 

N US Steel building Pittsburgh 

0 John Fiangkock building Chicago 

P First Interstate building Los Angeles 

Q Seagram building New York 

R Alcoa building Pittsburgh 

S Alcoa building San Francisco 

T Bechtel building San Francisco 

U Burlington Flouse New York 

V IDS Center Minneapolis 

W Koenig residence Los Angeles 
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Beam-column interface 

The type of interface between spandrel beam and column on a facade is important 
considering architectural and structural implications. Assuming moment resisting 
connections, the best structural solution is to frame the beam directly into the column for 
effective moment transfer without torsion. If shown on the facade, this expresses most 
clearly a moment resisting frame. Beams may run behind the column to express 
verticality, or in front of the column to express horizontally; yet both cases generate 
torsion in the beam and bending in the column due to eccentricity. 

1 Visual expression of frame 

2 Axon of beam framed directly into column 

3 Section of beam framed directly into column 

4 Visual expression of columns 

5 Axon of beam running behind column 

6 Section of beam running behind column yielding a moment^ouple 

7 Visual expression of beam 

8 Axon of beam running in front of column 

9 Section of beam running ir’ftonf (jfjoolunn yielding a moment couple 
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VERTICAL SYSTEMS 
Bending Resistant 






Bending resistant structures include cantilever, moment frame, framed tube, and bundled 
tube structures. They resist lateral load by combed axial and bending stresses. Since 
bending stress varies from tension to compression with zero stress at the neutral axis, 
only half the cross section is effectively engaged. This makes them less stiff than shear 
walls or braced frames, but it provides greater ductility to absorb seismic energy in the 
elastic range, much like a flower in the wind. On the other hand, bending resistance 
implies large deformations that may cause damage to non-structural items. Bending 
resistant structures are sometimes combined with other systems, such as braced frames 
or shear walls, for greater stiffness under moderate load; but moment frames provide 
ductility under severe load, after the bracing or shear walls may fail. 
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Cantilever 

Cantilever structures consist of towers that rise from the foundation. They resist gravity 
load in compression and lateral load in bending and shear, similar to moment frames. 
Cantilevers are subject to global bending of the entire tower, whereas moment frames 
are subject to localized bending of columns and beams joint by moment resistant joints. 
The global bending of cantilever towers increases from minimum on top to maximum at 
the base; whereas the local bending of beams and columns in moment frames varies at 
each level from positive to negative. 

Cantilever towers may be very slender walls, hollow boxes, or solid columns. But 
compared to shear walls which resist lateral load primarily in shear, cantilevers resist 



primarily in bending. The most common materials are reinforced concrete and wood 
poles of pole houses. Floors may also cantilever from the towers. Cantilevers need 
large foundations to resist overturn moments. Cantilever systems ofCrfyltiolc towers may 
have joint foundations that tie the towers together for bette r stability. 


1 Single tower cantilever with cantilever floors 

2 Single tower cantilever under laterai load 

3 Twin toiler cantilever with joineo footing for improved stability 

4 Twin towefj^ntitever under lateral load 

b Single tower cantilever with suspended floors 
6 Single tower suspension cantilever under lateral load 
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Pirelli tower, Milan (1956-58) 

Architect: Ponti, Fornaroli, Rosselli, Valtolina, Dell Orto 
Engineer: Arturo Danusso, Pier Luigi Nervi 


Facing Milan’s central station across a major urban plaza, the 32-story Pirelli tower rises 
prominently above the surrounding cityscape. A central corridor, giving access to offices, 
narrows toward both ends in response to reduced traffic. The reinforced concrete 
structure features two twin towers in the midsection for lateral resistance in width 
direction and triangular tubes at both ends for bilateral resistance. The towers and tubes 
also support gravity load. The gravity load of the towers improves their lateral stability 
against overturning. The central towers are tapered from top to base, reflecting the 
increasing global moment and gravity load. The towers are connected across the central 
corridors at each level by strong beams that tie them together for increased stability. In 
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Hypo Bank, Munich (1980) 

Architect: Bea and Walter Betz 



The design objective for the Hypo Bank headquarter was to create a landmark for 
Munich and a unique architectural statement for the bank. Built 1980, the 22 story bank 
has 114m height. The structure consist of four tubular concrete towers that support a 
platform which supports 15 floors above and 6 floors suspended below. The suspended 
floors had been built from top down simultaneous with upper floors being built upwards. 
Four towers combined with a platform form a mega-frame to resist gravity and lateral 
loads. The four towers include exit stairs in prestressed concrete tubes of 7m diameter 
and 50 to 60 cm wall thickness. A fifth tower of 12.5m diameter, houses eight elevators 
and mechanical equipment. The support platform consist of prestressed site-cast 
concrete of 50cm thick concrete slabs on top and bottom, joined by 1.5m rib walls that 
are tied around the towers. The formwork for the platform was assembled on ground and 
lifted 45 m by 12 hydraulic jacks. 

The office space consists of three triangular units, join^fby a T-shaped center. Two-way 
beams for office floors are supported by columns above the p'atform and suspended 
below. Three sub-grade levels include parking, security control, and loading stations. 

Floor plan: 7 m ( 23 fit oiameter towers 

Height: >V 1 14 m (374 ft) 

Heigf.t/’wic'tn 1 6 per tower 

1 Typical upper floor supported by columns above the platform 

2 Story-high platform forms a mega frame with four towers 

3 Typical lower floor suspended from the platform 

4 Isometric view of building 

5 Roof plan 

6 Typical office floor framing 

7 Support platform framing 

8 Typical floor plan layout 
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Commerzbank Dusseldorf (1965) 

Architect: Paul Schneider-Esleben 


This 12-story bank building is located at the boundaries between the old and new 
banking district of Dusseldorf, linked by a pedestrian footbridge to an older building 
of the bank. The 12-story building above a 2-story podium was initially designed to 
allow a drive-in bank at street level. A free-standing service core supports the 
pedestrian bridge and makes the link to the office floors. A second stair and 
bathroom core is located at the far end of the building, providing undivided and 
flexible office space. The curtain wall fagade is designed and manufactured using 
vehicular technology of insulating sandwich panels. The structure consists of 
reinforced concrete. Two rows of square cantilever columns support cantilever 
beams and concrete floor slabs. The interior core helps to resist lateral load in 
length and width directions, but the exterior core at the other end of the building 


resist lateral load in width direction only. 


Floor plan: 16 x 32 m (5 

Height: 44 m 

Typical story height; 3 m (9.8® 
Height/width ratio 

Len d Lease He use Sydney (1961) 

Architect: Harry Seidler 


16 x 32 m (52 x 104 ft) 
44 tiW 141 ft f 
3 m (9.8 ft) 

10 per cantilever 



This 15-story office tower with north-south orientation of its length axis has 
movable exterior blinds for sun control. They give the facade an ever-changing 
appearance. On sunny mid-days, they are horizontal for optimal sun protection. 
On cloudy days, in lowered position, they tend to darken the inside rooms. The 
orientation provides inspiring views to the Sydney harbor and a nearby botanical 
garden. A two-story showroom with mezzanine floor is located on the ground floor, 
above a four-story underground parking garage. The office floors feature 
elevators, stair and bathrooms on one end and an exit stair at the opposite end, 
providing flexible office floors. Mechanical equipment is in a roof penthouse. The 
structure consists of reinforced concrete. Two rows of wall-shape cantilever 
columns support cantilever slabs. The cantilever columns resist both gravity and 
lateral loads. 


Floor plan: 12 x 30 m (39 x 98 ft) 

Height: 38 m (125 ft) 

Height/width ratio 4.7 per twin cantilever 
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Moment frame 

Moment frames consist of one or more portals with columns joint to beams by moment 
resistant connections that transmit bending deformation from columns to beam and vice- 
versa. Beams and columns act together to resist gravity and lateral loads in synergy and 
redundancy. Bending resistance makes moment frames more ductile and flexible than 
braced frames or shear walls. The ductile behavior is good to absorb seismic energy, but 
increases lateral drift, a challenge for safety and comfort of occupants, and possible 
equipment damage. 



Moment frames provide optimal planning freedom, with minimal interference of structure. 
Office buildings that require adaptable space for changing tenant needs, usually use 
moment frames. To reduce lateral drift in tall buildings, dual systems may include 
bracing or shear walls, usually at an interior core where planning flexibility is not required. 
Given the high cost of moment-resistant joints, low-rise buildings may provide only some 
bays with moment resistant frames. The remaining hays, with pirt. pimsTtonly, carry 
gravity load and are laterally supported by adjacent moment frames. 

Moment frame behavior can be visualized by amplified deformations. The connection of 
column to beam is usually perpendicular and assumed to remain so after deformation. 
Under lateral load, columns with moment joints at both ends assume positive and 
negative benejiAg at opposite ends, causing S-shapes with inflection points of zero 
bending at rni^pan and end rotation that rotates the ends of a connected beam. By 
resisting rotation, beams help to resist lateral load. Similarly, a beam subject to bending 
under gravity load will rotate the columns connected to it and thus engage them in 
resisting the gravity load. Columns with moment-resistant joints at both ends deform less 
than columns with only one moment joint. Deformations under gravity and lateral loads 
are visualized in the diagrams, with dots showing inflection points of zero bending stress. 

1 portal with hinged joints unable to resist lateral load 

2 Moment joints at base, hinge joints at beam, large drift 

3 Moment joints at strong beam, hinge joints at base, large drift 

4 Moment joints at base and strong beam, drift reduced to half 

5 Hinged base, moment joints at beam, beam forms inflection point 

6 Gravity load, hinged base, beam moment joints, 2 beam inflection points 

7 Lateral load, all moment joints, inflection points at beam and columns 

8 Gravity load, all moment joints, inflection points at beam and columns 

9 Multi-bay frame deformation under lateral load 

10 Multi-bay frame deformation under gravity load 

A Inflection point of zero bending stress 
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Moment-resistant Joints 

Moment-resisting joints usually consist of steel or concrete. They join members (usually 
column to beam) to transfer bending moments and rotations of one member to the other. 
The moment resistant connection makes post and beam act in unison to resist both 
gravity and lateral loads. In seismic regions, moment frames must be ductile to absorb 
seismic energy without breaking. 


Steel moment joints are usually wide-flange beams connected to wide-flange columns. 
Generally, post and beam are joint about their strong axis. Semi-rigid joints connect the 
strong beam axis to the weak column axis. Moment resistant joints require stiffener 
plates welded between column flanges. They resist bending stress of beam flanges that 
tend to bend column flanges without stiffener plates. Compact columns with very thick 
flanges do not require such stiffener plates. Steel is a ductile material which is good to 


absorb seismic energy in the elastic range Yet the seismic performance of steel joints 
was challenged by failures during the 1994 Northridge Earthquake. Tne failure resulted 
primarily from joint welds. Research developed solutions for moment -resisting steel 
joints, notably dog-bone beam ends to form plastic hinges to reduce stress at the joints. 


Concrete frames achieve ductile joints by prooer steefcreinforcing, designed to yield 
before the concrete crushes in bntt'e more. ' Usually that implies 25% to 50% less steel 
and more concrete than used for balanced design (balanced design has just enough 
freinferciny to balance the concrete strength). Ductile design also requires: closely 
space^tie bars near beam/column joints; column rebars to extend through beams; beam 
rebars to extend through columns; and column ties to continue through beams. 


1 Moment-resisting steel joint at end column 

2 Moment-resisting steel joint at interior column 

3 Moment-resisting concrete joint at end column 

4 Moment-resisting concrete joint at interior column 


A Steel wide-flange column 

B Steel wide-flange beam 

C Stiffener plates resist bending stress of beam flanges 
D Steel bar, welded to column in shop and bolted to beam in field 
E Weld, joining beam flange to column 

F Steel reinforcing bars in concrete beam 

G Steel ties to restrain reinforcing bars from buckling 
H Column reinforcing bars to resist compression and bending 
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Steel framing 

Steel framing with wide-flange profiles requires careful orientation of columns in order to 
achieve proper strength and stiffness to resist lateral load in both orthogonal directions. 
Measured by the moment of inertia, typical wide-flange columns have a stiffness ratio of 
about a 3:1 about the x and y-axis, respectively, yet some deep sections have stiffness 
ratios up to 50:1, about strong to weak axes. Therefore, column orientation for lateral 
resistance is an important design consideration for moment frames. Assuming equal 
lateral load and column size, half of the columns should be oriented in either direction. 
For unequal loads, column orientations should provide strength proportional to loads. 
For example a rectangular building has more wind load on the long than on the short 
facade. If wind governs lateral design, this should be considered in column orientation. 
Further, column orientation should provide symmetry of stiffness in both directions to 
prevent torsion. Torsion would occur for example if one end of a building has columns 
with greater stiffness than the other end. Also to better resist possible' torsion from 
asymmetric mass distribution, columns should be placed nfijarOoH at the building edge, 
rather than near the center of mass where they have nc effective lever arm to resist 
torsion. Column size should also account for setbacks on fyper floors, to account for 
asymmetric wind or seism'^oad resulting Ixm such setbacks. 

1 FrSfat view of moment resisting frame with setback floors on top 

2 Column jsiyout in plan f cr moment resistance in both direction 

'Qplumn oriented for lateral support in width direction 
B Column oriented for lateral support in length direction 
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Casa Terragni, Como, Italy (1936) 

Architect: Guiseppe Terragni 

With 33.2x33. 2x16.6m height, the building is a perfect half cube. The plan is organized 
around a central atrium, surrounded by circulation. Terragni used the concrete moment 
frame as organizing grid in a liberal manner, modified as required to meet planning 
needs: the 4.75m grid is reduced for circulation and increased for large spaces. Beams 
of variable depth express the respective spans. The front facade is recessed behind a 
veranda to emphasize the frame. Moment frames with shear walls have proven a failsafe 
solution in earthquakes prone areas: shear walls provide good stiffness under moderate 
load, and the moment frame provides ductility if shear walls fail in sever earthquakes. 



Commonwealth (formerly Equitable) Building (1947-48) 

Architect: Pietro Belluschi 

The Equitable Building 1948 pioneered the clear expression of a steel 
moment frame, a model for many subsequent buildings. With this 
building Beluschi also pioneered the first double glazed aluminum curtain 
wall of simple elegance.. The building is a National Historic Landmark of 
mechanical engineering because it was the first building using heat 
pumps for efficient air conditioning.. It was the first skyscraper to use 
double-paned glass. The first building with air conditioning, completely 
sealed The first to use a flush curtain wall design. The first to be clad 
completely in aluminum. In 1982 the American Institute of Architects 
awarded it the building its 25 year award. The building is a compelling 
testimony of Beluschi’s philosophy of simplicity. 
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Seagram building, New York (1954-58) 

Architect: Mies van der Rohe, Philip Johnson, Kahn and Jakobs 
Engineer: Severud, Elstad, Krueger 


The 38-story Seagram building is a classic icon of modem architecture. It was the result 
of unique cooperation between the client, Samuel Branford, his daughter, Phyllis Lambert 
as planning director, and the architects. The building exemplifies Mies' philosophy of 
Baukunst (art and craft of building), with great attention to detail and proportion. The 
structure, based on a 28 ft (8.5 m) module, is expressed as colonnade at the base to 
signal the entrance. The skin of the mechanical floor on top provides a visual cap. Most 
of the structure is concealed behind the curtain wall which eliminates thermal stress and 


strain due to outside temperature variations, an important factor in tall structures. The 
recessed rear gives the tower its classic proportions of five to three for front and side, 


respectively. The steel moment frame structure is embedded in concrete for fire 
protection and added stiffness. The core walls have diagonal bracing lip vo the 29th floor 
for additional wind bracing. Concrete shear walls up to the 1 7 tn floor provide additional 
stiffness. 

a mm\r 

o, 1 >. -i /in 'o.q 


Floor plan: 

Height: 

Typical story height: 
HeighVwidT: ratio 

1 Axon view of tower 


84x140 feet [26x4: 
52S2eet(160m) 

13.6 feet (4.15m) 

6.3 without extrusion 


43 m) without extrusion 


2 Comer detail of structure and skin 


3 Typical plan with recessed comers to express 3 to 5 proportion 


A Air conditioning duct as parapet 
B Glare reducing pink glass appears without color from inside 
C Bronze cover of steel column embedded in concrete 
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Crown Zellerbach building, San Francisco (1959) 

Architect: SOM and Hertzka and Knowles 
Engineer: H. J. Brunnier 

The 20-story Crown Zellerbach headquarters building covers about one third of a 
triangular site on Market Street, the main street of San Francisco. The building features 
a large office wing flanked by an external core for stairs, elevators, bathrooms, and 
mechanical ducts. The exterior core gives the office wing a column-free floor area for 
optimal space planning flexibility. A planning module of 5.5 feet (1.6 m) provided for 
good size office spaces. 




The structure is a moment resistant steel frame with wide-flange girders spanning 63 feet 
(19 m) across the width of the building, supported by wide-flange columns, spaced 22 
feet (6.7 m) on center. Spandrel beams connect the columns in the longitudinal direction. 
Steel joists, spaced 7 feet (2.1 m), support concrete slabs on cellular metaCdecks. The 
joists cantilever at each end of the building. All columns are oriented with their strong 
axis to provide moment resistance in the width directicjTfhiving tne ouilding much greater 
strength and stiffness in width than in length direction. Since the building is much longer 
than wide, the column orients tion is good for wind load which is greater on the long 
faced; but it is less effective for s.eismiqjoiad which is greater in length direction. Also 
the eccentrieb^rvice tower causes seismic torsion. The fire exits on both side of the 
service tcwe r are tqc close together for fire safety and would not be allowed by current 
code. The ouilding is supported by a mat foundation, 8 feet (2.4 m) deep, extending the 
fuii width and length of the building. The foundation rests on firm soil 45 feet (13.7 m) 
below grade under a 2-story parking garage. The steel structure is protected by fire 
proofing that consists of stucco applied to metal lath wrapped around beams and 
columns. 


Floor plan: 201x69 ft (61x21m) without exterior core 

Height: 320 ft (96m) 

Typical story height: 13.67 ft (4m) 

Height/width ratio 4.6 without exterior core 

A Column spaced 22ft (6.7 m) 

B Spandrel beam 

C Girder spanning the full width of the building 
D Joist spaced 7ft (2.1 m) 

E Stiffener plate for moment connection 

F Fire proofing on metal lath 
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Thyssen tower, Diisseldorf (1957-60) 



Architect: Hentrich and Petchnigg 
Enginer: Kuno Boll 


The Thyssen tower's unique plan of three slabs is a composition with efficient circulation 
and good delighting for all offices that are never more than 7m (23 ft) from a window. 
The floor area of offices is 62,7% of the gross floor area. Located at the center of town, 
the long axis is oriented north-south with a park to the North. The central block includes 




the service core and, as tallest block, houses mechanical and elevator equipment in the 
top floors of this 25-story tower. Parking for 280 cars is in the underground garage, 
rapped around the building. The long facades feature glass afrteYi wails; the narrow end 
facades are glad in stainless steel. The steel frame ‘structure is embedded in concrete 
for fire protection and to provide additional stiffness. The columns consist of steel pipes 
produced by the building ownen TheVruclpral module is 7x4.2 m (23x14 ft), with some 
variation between central and outer slabs. Braced end walls provide some additional 
stiffness to resist wind load on the iong building sides. The exterior composition of the 
©ilding, exoressing the internal organization, has earned the nickname “Drei-Scheiben 
^Sa^MThree-slab-house). The pristine design, combining American know-how with 
European sophistication stands as an icon of the modern movement in Europe. 


Floor plan: 21x80 m (70x226 feet) 

Height: 94 m (308 feet) 

Typical story height: 12.2 feet (3.7 m) 

Height/width ratio 4.48 
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Framed Tube 

Framed tubes are a variation of moment frames, wrapping the building with a “wall” of 
closely spaced columns and short spandrel beams. To place the lateral resistance 
system on the fagade rather then at the interior gives it a broader base for greater 
stability as well as improved rotational resistance. In addition, the lateral resisting system 
on the fagade allows smaller columns on the interior to carry gravity load only. Further, 
designing floors and roof to span the full width of a building can make the interior 
completely column free for optimal flexibility. A major challenge of framed tubes is the 
high cost of numerous moment resistant joints between closely spaced columns and 
beams. To minimize this adverse cost factor, designers often use prefab methods to 
weld the joints in the fabrication hop rather than on the job site. This process also 
improves quality control and reliability. 




Framed tube without interior core 
Framed tube with interior core 
Global stress diagram of framed tube 
Framed tube with belt and top trustor additional stiffness 
Prefab frame with joints located at beam inflection poim of zero bending 
Prefab element ready for essenbiy 

F<educed shear resistance (shear lag) at hollow interior 
Peak a/ia! fores from overturn moment 
Pin joint at inflection point of zero beam bending stress 
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CBS Tower New York (1961-650 

Architect: Eero Saarinnen 
Engineer: Paul Weidlinger 

The 38-story CBS tower is a stark vertical extrusion of the rectangular floor plan. 
Columns forming a framed tube are expressed as triangular extrusions on the upper 
floors and diamond shaped on the ground floor. The triangular columns include niches 
for mechanical ducts and pipes. The niches decrease from top to bottom with the 
decreasing duct sizes that run down from the mechanical room on the top floor. The 
decreasing niches result in increasing net column size that coincides with increasing load 
as it accumulates from top down. Concrete floors span between the walls of a central 
core and the framed tube, providing a column-free donut-shape floor space for flexible 
use. The four sides facing the core feature one-way rib slabs, but the four corners have 
two-way waffle slabs, designed to make the transition from one direction to the other. 
Glad in black granite the closely spaced triangular columns express a stark vertically, 
perforated with regular windows on all but the top and ground floors. Trie top mechanical 
floor has ventilation louvers instead of windows, the ground floors have taller windows 
and doors. The articulation of top and botiom of the fagade emphasizes the most 
prominent paiQfithe building, a strategy often use for the design of tall buildings. 

Floor pian: 155x125 feet (47x38m) 

y^Sighr 494 feet (151m) 

Typical story height: 12 feet (3.66m) 

Floor-to-ceiling height: 8.75 feet (2.67m) 

Fleight/width ratio 3.9 

A Column profile at top floor 
B Column profile at lower floors 
C Column profile at ground floor 
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World Trade Center, New York (1977 
(demolished by terrorists 9-11-2001) 

Architect: Minoru Yamasaki and E. Roth 
Engineer: Skilling, Helle, Jackson, Robertson 

The World Trade center of two 110-story towers and related smaller structures housed 
50,000 employees and up to 80,000 visitors daily. Both towers, in diagonal juxtaposition, 
were vertical extrusions of square plans, with very closely spaced steel columns. Each 
tower had two-story mechanical spaces on top, near the bottom, and two distributed at 
1/3 intervals, with elevator sky-lobbies two floors above each. Each tower had 100 
passenger and four service elevators. Each sky-lobby was reached by 11 or 12 
elevators from ground floor; with five express elevators non-stop to the 107 th and 110 th 
floors. Since elevators are stacked, 56 shafts needed, take 13% floor area on each floor. 
The framed tube structure consisted of 56 box steel columns on each facade, joint at 
each floor by spandrel beams with moment resistant connections This g ; ant Vierendeel 
frame was assembled from prefab elements of three two-story columns with beam and 
column joints at mid-span and. ruid-heght where inflection points of zero bending occur 
under lateral load. Combined with rigid flco^diaphragms, the towers formed torsion- 
resistant Famed tubes that cantilever from a five-story underground structure that houses 
train arid suowuy stations as weil as parking for 2,000 cars. Although the framed tube 
©pirn's o /oral! dimensions are constant, their wall thickness increases from top to 
bottom in response to increasing loads. Floor truss joists span from the framed tube to 
columns around the central core. Mechanical ducts run between truss joists for reduced 
story height. The core columns are designed to carry gravity load only. The framed tube 
resisted both lateral and gravity load. 

Floor plan (square): 208x208 feet (63.4x63.4 m) 

Height: 1361 feet (415m) 

Typical story height: 12 feet (3.66m) 

Floor-to-ceiling height 8.6 feet (2.62m) 

Height/width ratio 6.5 

1 Axon of tower 

2 Typical floor framing plan 

3 Typical prefab two-story faqade assembly 

4 Typical framed tube column size and spacing 
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Bundled Tube 

Bundled tube structures are composed of tubes framed by closely spaced columns joined 
to beams to form moment frames. The bundled tubes resulting from the rows of columns 
add lateral resistance to the structure, transferring shear between exterior columns 
subject to tension and compression under lateral load. This shear transfer makes it 
possible for the exterior columns to act in synergetic unison, whereas independent 
columns would act alone to provide much less lateral resistance. Bundled tubes transfer 
shear not only through exterior frame “walls” but also through interior cell “walls.” To 
reduce shear lag. 



An alternative to framed bundled tube are braced bundled tube systems. However, 
though they provide greater stiffness, the braces disrupt spatial flow between interior 
columns. Regarding plan geometry, bundled tubes may have bundles of square, 
rectangular, or triangular polygons that are repeatable. However, hexagonal polygons 
would be less efficient 

1 Square tube modules 

2 Triangular tube modules 

3 Hexagonal tubes would be less affective’ to reduce shear lag 

4 Framed tube shear lag 

5 Bundled tube with reduced shear lag 

A Sheer lag between connecting shear walls 

B Peak resistance at shear wall 
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Sears tower, Chicago (1973) 

Architect/ Engineer: Skidmore, Owings and Merrill 

With 110 stories, the Sears Tower was the tallest building in the world for many years 
and occupies an entire city block on the southwest of Chicago’s loop. The tower starts at 
ground level with nine square modules of 75 feet (22.9m) each. The nine modules 
gradually reduce to a twin module on top in response to needed office space and also to 
reduce wind resistance and overturn moments. The large areas of the lower floors are 
occupied by Sears, the smaller floors at higher levels serve smaller rental needs. 
Elevators serve the building in three zones of 30 to 40 stories separated by sky-lobbies 
that are reached by double deck elevators express elevators. The building fagade is glad 
in black aluminum and tinted glass. The structure is anchored to a five-story 
underground structure. Nine bundled tubes are separated by rows of columns, spaced 
15 feet (4.6m) on center. The columns, welded to beams, form moment resisting portals 
to transfer global shear under lateral load from compressed to*, tensed side of the 
structure, to reduce lateral drift. This shear transfer between exterior wa'ls reduces 
“shear lag” and gives the bundled tube greater strength and sffines's tc resist lateral 
loads. The bundled tube concept conceived tecilitates the setbacks as the floors get 
smaller toward the top. Belt trusses atthrbe byte's in conjunction with mechanical floors 
reduce lateral deflection by about 15 porceni and help distribute uneven gravity load 
caused by floor setbacks. The horizontal floor framing consists of trusses that span 75 
teet (23m; be^jbrf columns and support concrete slabs on metal deck. The one-way 
floor trusses of 40 inch (1m) depth change direction every 6 th floor to redistribute the 
gravity load to all columns. Trusses consist of top and bottom T-bars, connected by twin 
angle web bars. They allow mechanical ducts between top and bottom chords. The 
small truss depth was possible, using composite action; shear studs engage the concrete 
slab in compression for increased resistance. 


Floor plan at ground: 
Height: 

Typical story height: 
Height/width ratio 


225 x 225 feet (69 x 69m) 
1,450 feet (442m) 

13 feet (3.96m) 

6.4 


1 Tower axon 

2 Base floor plan 

3 Floor framing 

4 Stress diagram of single framed tube with shear lag between walls 

5 Stress diagram of bundled tube with reduced shear lag 

6 Floor plan at ground floor 

7 Floor plan starting at 51st floor 

8 Floor plan starting at 66 th floor 

9 Floor plan of top floors 
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Vertical Systems 
Suspended 



Vertical systems, suspended, also referred to as suspended high-rise structures, are 
different from suspension structures like suspension bridges, which are draped from two 
suspension points; suspended high-rise structures hang usually about vertically from top. 
A rational for suspended high-rise structures is to free the ground floor from obstructions. 
Other architectural and structural reasons are described on the next page. 

Regarding Lateral load, the challenge of suspended high-rise is usually a narrow footprint 
and slender aspect ratio. Thus their behavior is comparable to a tree, where the drunk 
resists load primarily in bending and large roots are required to resist overturning. 
Properly designed, the narrow aspect ratio can enhance ductility to make the structure 
behave like a flower in the wind to reduce seismic forces. 
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Suspension rational 

At first glance suspended high-rise structures seem irrational, given the load-path detour: 
gravity load travels to the top and then down to the foundation. However, as described 
below, there are advantage, both architectural and structural, that justify this detour. 
Understanding the pros and cons and their careful evaluation are essential for design. 

Challenges 

• Load path detour: load travels up to the top, then down to foundation 

• Combined hanger / column deflection yields large differential deflection 


Architectural rational 

• Less columns at ground floor provides planning flexibility and unobstructed view 

• Facilitates top down future expansion with less operation interference 

• Small hangers instead of large columns improve flexibility add view 


Structural rational 

• Eliminates buckling in’ hanggrf, replacing compression with tension 

• Hig' i strength hangers replace large compression columns 
floors ma$ be built on ground and raised after completion 

Oj Concentratibn of compression to a few large columns minimizes buckling 


Design options 

• Multiple towers with joint footing to improve overturning resistance 

• Multiple stacks to limit differential deflection 

• Adjust hangers for DL and partial LL to reduce deflection 

• Prestress hangers to reduce deflection to half 


1 Gravity load path 

Load travels to top, then down to foundation 

2 Differential deflection is cumulative 

Shortening of columns and elongation of hangers are additive 

3 Prestress can reduce deflection to half 

Top resists half the load through increase of prestress 
Bottom resists half the load through decrease of prestress 

4 Ground anchors for improved stability 
(assuming hangers as ground anchors are ok) 
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Design options 

Suspended high-rise structures may be designed in various configurations with distinct 
limitations and implications regarding behavior. The following description provides 
guidelines for rational design, starting with the introduction of a terminology, followed by 
implications of various design options: 


• Single towers (one vertical support) 

• Multiple towers (several vertical supports) 

• Single stacks (one set of floors) 

• Multiple stacks (several sets of floors) 

The effect of these options are described and illustrated as follows: 


Single tower / single stack 

Single towers require large footing like a tree to resist overt^rniftg 
Multi towers 

Multiple towers with joint rooting increase stability 



T\M stacks 

Twin stacks reduce the length of hangers an thus differential deflection 
Max. ten stories per stack limits differential deflection to < 2 inch (50 mm) 


4 Twin stacks / towers 

Twin stacks reduce the length of hangers an thus differential deflection 
Twin towers with joint footing increase stability 


5 Triple stacks 

Three or more stacks limit hanger length and thus differential deflection 

6 Triple stacks / twin towers 

Three or more stacks limit hanger length and thus differential deflection 
Two or more towers with joint footing increase stability 


Limits 

An important limit for suspended high-rise structures are the limited number of floors per 
stack. More than ten floors per stack would cause unacceptable differential deflections. 
Conventional columns in compression are subject to about equal strain under load. 
Suspended high-rise structures are subject to greater differential deflection since hangers 
elongate but columns shorten under gravity load. Without buckling, the high tensile 
stress of hangers causes greater strain which further increases differential deflection. 
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Case studies 


Westcoast Transmission Tower, Vancouver (1969) 

Architect: Rhone and Iredale 
Engineer: Bogue Babicki 


The 12-story tower, initially designed and built as Westcoast Transmission headquarters, 
has become an architectural icon of Vancouver. With support of the City of Vancouver, 
the historically significant building was converted in 2005 to 180 unique residential suites 
in studio, one and two bedroom configurations. The suspension concept was selected to 
provide an unobstructed view to the beautiful bay of Vancouver. According to the Bogue 
Babicki, the suspension option was also more economical than a conventional alternative 
they had considered. The suspended structure, stating 30 feet ([§ m a&ive grade 
provided unobstructed views at ground level to the paMiru 1 bay of Vancouver. The 
tower is supported by a site-cast concrete core, 36 feei^ll m) square. The floors are 
suspended by 12 cables. Each'^hlevcbr'S'sts cf two 2 7 ib" (73 mm)diameter strands. 
The sloping guy cables have two additional 2 (64 mm) diameter strands (the 45 

degree slope increased their vector force by 1.414). 

/ \ \ V \ \ \ 


wifi 

core 


Height 

Typical story height: 
Core height/width ratio: 


108x108 feet (33 x33 m) 
36x 36 feet (11x11 m)) 
12 stories, 224’ (68 m) 
12 feet (3.65 m) 

6.2 


1 Section 

2 Exploded axon 

3 Floor framing 
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BMW Headquarters Munich (1972) 

Architect: Karl Schwanzer 
Engineer: Helmut Bomhard 


The Viennese architect Karl Schwanzer won the international design competition for the 
BMW tower with his idea to represent the automobile company in form of a four-cylinder 
engine. Four cylinders are suspended from an assembly of four semi-cylindrical concrete 
cores by means of hangers, suspended from a concrete cores of stairs, elevators, etc. 
The core extends as four cylinders on top of the floor stacks. Each floor is supported by 
a hanger at its center and stabilized by the core. To keep differential deflection within 
acceptable limits, the tower is partitioned into two stacks of eleven and seven office floors 
of the lower and upper stacks, respectively. Eight elevators, stairs and services are 
located in the core. Except for the four central hangers, the office space around the core 
is free from columns to provide highly flexible office areas. Consirnctioip&f the tower 
started with the central core in conventional method; bui then proceeded Tom 'op down. 
Post-tensioned concrete floor plates, cast op the ground where! lifted up by hydraulic 
means; starting with the top itaor, followed by successive rigors downward. Silver 
gladding exterior conveys a sophisticated h ; gh- tech image, true to the BMW philosophy. 



Size: 

(dors size 
He'cfhr 
Typical Story height: 
Core height/width ratio: 


52,30 m (172 feet ) diameter 
24.4 m (80 feet) 

18 suspended stories, 101 m (331 feet) 
3.82 m (10.8 feet) 

4.1 
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Standard Bank Center, Johannesburg (1968) 

Architect: Hentrich and Petschnigg 
Engineer: Ove Arup and Partners 


The Standard Bank Center is located in the financial center of Johannesburg. Given the 
dense surroundings, the design objective was to access the center via an open plaza 
with the least amount of bulk and obstructions. The response to this objective was a 
suspended structure. The central support core only at ground level, kept the plaza level 
open for free and spacious access. The suspension system also facilitated construction 
at the dense urban surrounding. After the central core was built, floors were suspended 
from three cantilevers. To limit differential deflection, the building is organized into three 
stacks of nine office floors each, suspended from concrete cantilever beams of 18 feet 
(5.4 m) depth. The cantilever beams are attached to the outside race of the concrete 
core by shear connection. The cantilever floors house the mechanical equipment and 
transformer stations. Basement floors for computer rooms and parking provide stability 
for the central core. 


Floor size. 
Core s'ze' 


*_o, e s’ze 
Building heir 
Swe height: 
Core heinht/ 


:\(c£ 

ieight: 


Core height/width ratio: 


112x112 feet (34.29x34.28 m) 
48x48 feet (14.63x14.63 m) 

27 stories, 456 feet (139 m) 
520 feet (158.5 m) 

10.8 
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Hon Kong and Shanghai Bank (1986) 

Architect: Norman Foster 
Engineer: Ove Arup 

The design of the Hong Kong and Shanghai Bank emerged from a competition among 
seven invited architects. Foster's winning scheme is a suspension system intended to 
provide large public space at ground level without interior columns. The large floor area 
of 55x70m (1 80'x230') is supported by 8 Vierendeel towers, each consisting of four round 
columns spaced 5. 1x4. 8 m (17'x16’) and connected at each level with tapered beams. 
The floors are suspended from twin suspension trusses which span the towers and 
cantilever from them on both sides to support service modules and exit stairs. A large 
floor area of 33.6x55 m (1 1 0'xl 80') between the towers are disrupted by only eight 
hangers, an additional benefit of the suspension scheme, besides the open ground floor. 
The space between two-story high suspension trusses serves as r fop£il point of each 
stack of floors, as reception, conference and dining areas and tead to cper; recreation 
terraces with dramatic views of Hong Kong. 

The maximum mast pipe diameter is 1400 mm (55’0 and 100 mm (3.9") thick 
The maximum hanger pipe diameter jkifOO mm (16”) and 60 mm (2.4”) thick 
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The suspension trusses and X-bracing perpendicular to them are also intended as belt 
trusses to reduce drift under lateral load. However, since the Vierendeel towers are 
moment resistant, the belt trusses are less effective than they would in conjunction with 
truss towers. 

Size: 55x70m (1 80'x230') 

Tower axis distance 38 m (126’) 

Height 35 floors, 180 m (590’) 

Typical story height: 3.9 m (12.8’) 

Height/width ratio: 4.7 
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Federal Reserve Bank, Minneapolis (1972) 

Architect: Gunnar Birkerts 

Engineer: Skilling, Helle, Christiansen, Robertson 


The Federal Reserve Bank features a structure similar to suspension bridges. The floors 
are suspended from parabolic “cables”. However, the “cables” are actually wide-flange 
steel sections of parabolic curvature to balance the distributed floor loads. A major 
reason to suspend the building from two towers, was to keep the bank vaults located 
below grade free of columns. Wide flange parabolic suspenders off 37 inch Weemm) 
span 328 feet (100m) between two concrete towers. (Trusses on top o f vhe towers resist 
the lateral trust of the parabolic suspenders. Floors above the suspended are supported 
by compression columns, where® those below a r e susocncied by tension hangers. The 
fagade treatment reflects the compressive and tensile support zones by different recess 
of the glass 'inc with respec 1 : to curtain waii mullions. Floor construction of concrete slabs 
ies f s on steel trusses that span the 60 feet (18m) width without interior columns. 


m 


Span between towers 
Height 

Typical story height 
Height/width ratio: 


335x60 feet (102x18 m) 
275 feet (84 m) 

220 feet (67 m) 

12.5 feet (3.8 m) 

3.7 
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Part V 

MATERIAL 



Part V explores the effect of material on structures. Material determines the physical 
properties and details of a structure. The most important physical properties are 
strength, stiffness, and ductility, as well as workability and isotropy. Physical properties 
also effect geometric properties, i.e., linear elements, surface elements, and bulk 
elements, such as beams, walls, and footings, respectively. 

Physical properties of materials are important for selection and design. Steel has the 
highest compressive strength and stiffness, followed by concrete, masonry, and wood. In 
tensile strength too, steel is first, followed by wood. However, tensile strength of wood 
normal to grain is very small, but usually not relevant. Tensile strength of un-reinforced 
concrete and masonry is below 1 0% of respective compressive strength and is zero once 
cracks develop. However, reinforced concrete and masonry can assume tensile forces. 
Steel also has the highest shear strength, but shear strength in concrete, masonry, and 
wood parallel to grain is less than ten percent of the respective ocmoresfR'e strength. 
Isotropy, is also an important criteria for design. An isotropic material has the same 
properties in all directions. Steel is an isotropic material. So is concrete without 
reinforcing; but reinforced concrete and masorfry are both not isotropic. Wood is also not 
isotropic with very different properties parallei and normal to grain. Material properties 
effect the response to natural forces, like earthquake, fire, and wind. Seismic 
acceleration '(orpes increase with mass. Steel, wood, and plastics are good for 
earthquakes, given their relative light weight. Ductility to absorbs seismic energy is 
another bonus for steel: By contrast, concrete and masonry are heavy and brittle, a 
double negative in earthquakes. Although proper reinforcement can provide ductility for 
concrete, it does not reduce weight. However, the weight of concrete and masonry is 
good in areas of strong winds to resist wind uplift. Further, concrete and masonry are 
most effective to resist fire. 

Geometric properties define line, surface, and bulk elements. Wood and steel are 
primarily linear like posts, beams or steel frames; but some surface products such as 
plywood and metal decks are also available. Un-reinforced concrete is good for bulk and 
surface elements, like walls and domes in compression only, so is un-reinforced 
masonry. With reinforcing, concrete can be linear as well, like beams and moment 
frames. Reinforced masonry, too, can make linear elements, such as posts; though very 
slender masonry posts may seem unstable and inappropriate. 

The workability of material defines how structures are build. Tough steel is fabricated in 
a shop and assembled in the field. Softer wood is easy to work and usually build in the 
field. Concrete can be site cast or precast in a plant for site assembly. It is a versatile 
material that can assume many shapes, limited only by formwork. Masonry is usually 
build up on the site from small bricks or concrete blocks with mortar and steel reinforcing. 
Masonry may also be veneer attached to other material. 
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Material 




Wood is the only renewable building material. To use it in an ecologically responsible 
way, new plantings should replace harvested trees to replenish forests. Wood is a 
popular building material, not only because it is renewable and organic, but for other 
qualities too. Its natural texture, lively pattern, and warm color convey a genuine 
connection to nature. Fresh wood also has a pleasant fragrance and aging wood can 
develop a natural patina. Wood is easy to work with by hand or machine tools. Two 
generic types of wood are hardwood and softwood. Hardwood comes from broad-leaf 
deciduous trees. It is rarely used as structural material, but popular for furniture, finish 
wood work, and floors. Ash, beech, oak, and teak are examples of hardwood. Softwood 
comes from evergreen trees with needles. Douglas fir, hemlock, larch, pine, and 
redwood are softwood commonly used in building structures. 

Structural wood, commonly called lumber, comes from tree trunks that support the crown 
and supply nutrition. Most tree cells are longer in trunk direction and arranged In circular 
year rings, representing fast and slow growth in spring and sumrer, respectively. Fast 
growth spring wood is softa- and appears lighter than slow growth summer wood. Wood 
has good structural qualities, notably niqh strength to weight ratio and good resilience. 
However wood, is not isotroolc since its properties vary with fiber orientation. Compared 
with allowable compressive stress parallel to fibers, perpendicular compressive stress is 
less than 50% and perpendicular tensile stress less than 1%, shear stress parallel to 
fibers is less than 10%. 


With only about half the density of water, most structural wood has the lightest weight of 
common building materials. Wood is an ideal material to resist earthquakes, since 
seismic acceleration forces are proportional to mass. Wood's small mass yields small 
seismic forces; its resilience absorbs seismic energy like a tree or flower with little or no 
damage. However, the light weight of wood is a disadvantage under wind conditions. 
Wind uplift on a roof can be greater than the roofs dead weight and could blow it off in a 
strong storm. The light weight of wood, though favorable for earthquakes, is a liability 
under wind load. As a combustible material, wood also is susceptible to fire hazards. 
Light wood members require fire protection, usually by fire resistant sheathing of Type X 
gypsum board or stucco; heavy timber as defined by code can resist fire up to one hour 
by protecting itself with a charred layer caused by initial burning. To qualify as fire rated, 
heavy timber members must have the following minimum nominal dimensions: Roof 
beams 4x6; roof columns 6x8, floor beams 6x10, and floor columns 8x8. 


20-1 MATERIAL Wood 




Heavy timber 

Timber structures evolved from ancient traditions of building shelter. Post and beam 
structures are a common type of timber structure. Post and beam systems without any 
extra measures are collapse mechanisms with little capacity to resist lateral wind or 
seismic load. Some means, such as bracing or shear walls, to resist lateral loads are 
common in timber structures. Shear walls usually serve also as space enclosures or 
dividers. Bracing may consist of wood struts, steel rods or cables. Moment connections 
to resist lateral loads are difficult to achieve in wood, for initially tight bolted connections 
get loose when wood shrinks over time. Shear walls or bracing in at least two bays in 
each direction assure symmetry of resistance. 


The means to join post and beam is very important in wood since the grain direction is a 
critical factor to consider. For example, a beam supported on its top fi|5p® only could 
split due to tensile stress perpendicular to grain. Joining a s'ngle'fbeam to columns 
requires connecting devices, but twin beams require only bolts to connect to the column. 

Closely spaced beams, 8 ft at roofs and 5 ft a 1 floors, can support pianks directly. For 
wider beam spacing, floor or ropf c'ecK^require intermediary joists that result in a mix of 
light weignt and heavy timber structme. 

xWhber structures provide more flexibility than rib structures, described in the next 
section, because the grid of posts is less intrusive than bearing walls. Timber structures 
usually have exposed wood that requires more careful craftsmanship than rib structures 
with walls covered by sheathing. 


A Joists provide intermediary support for floor or roof deck 
B Planks directly supported on beams 

C Single beams require some device to connect them to column 

D Twin beams bolted to column, allow pipes, etc. to pass between 
E Post 

F Cross-bracing resists lateral wind and seismic load 
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Post, beam, and joist connection 

There are several ways to join post and beam, all are variations of three generic options: 
Flush connection of beam to column, twin beam to single column connection, and single 
beam to split column connection. 

Two generic joist-to-beam connections are: Flush support with joists joined to side of 
beam; and top support with joists supported on top of beam. 

Post to beam connections 
1 ,2 Flush connection of single beam and post 

Complex connections require metal joist- and beam-hangers 
Vertical and horizontal ducts and pipes cannot pass between beams 


3,4 Twin beam and single post 

Twin beams have the same strength as a single beam of equal area 
Simple bolted connection of twin beams to post 
Ducts and pipes can easily pass between twin beams 

5,6 Single beam and split column 

Split posts have less bucxfng strength than a sing e post of equal area 
Simple bolted connection Qfsjriflte beam to split posts 

Joist to beam connections 

1,2 Flush support joins beam and joist with flush top; 

Requires metal joist hangers to support joists; 

Is more labor intensive to install; 

Provides narrow, less redundant, joist support; 

Flas slightly shorter joists; 

Conceals the beam within the depth of joists; 

Prevents ducts and pipes to pass between joists over beam; 

Flas reduced overall floor height 


3-6 Top support is simpler, with joist supported on top of beam; 
Needs only toe nails but no other hardware for connection; 

Is less labor intensive an simple to install 
Provides wider support for additional seismic safety; 
Requires slightly longer joists to overlap over the beam; 
Exposes the beam below the ceiling; 

Allows ducts and pipes to pass between joist over the beam; 
Flas greater overall floor height 
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Post cap and base 

Post caps secure beam to post to prevent slippage under lateral load. Toe-nailing is 
insufficient, especially for freestanding posts without sheathing. The post base secures a 
post to foundation or other support, to avoid slippage under lateral load. To prevent 
moisture penetration, the post base should not be in direct contact with the foundation. 

1 Post cap 

2 Post cap alternate 

3 T-post-beam connector 

4 L-post-beam connector 

5 Post base with u-strap 

6 Post base alternate 


Concealed post cap 

Concealed connections of post to beam and post to base are available, but they require 
greater care for proper installation and are more expensive. The alignment of bolt holes 
in connector and wood is essential and requires skill and experience on part of the 
carpenter. 

1 Split ring with bolt, for twin beams, conceals all but the bolt 

2 Concealed T-connector with dowels 

3 Concealed L-connector with dowels 

4 Concealed post base with dowels 
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Beam anchor 

Beams need firm support attachment to prevent slippage under lateral load. Seismic 
forces may unseat a beam with insufficient support attachment. Toe-nailing a beam to a 
plate is not sufficient for major loads. 

1 Steel bracket bolted to beam, with anchor bolt into wall 

2 Anchor bolt directly through beam into wall 

3 Axon of same attachment as in 1 above 

4 Axon of same attachment as in 2 above 

5 Twin bracket bolted to beam, with twin anchor bolts into wall 

6 Concealed T-bracket, pinned to beam, with wall anchor bolts welded to bracket 


Beam support 

Beams supported on top of girders has the advantage that ducts and pipes can pass 
over girders between beams. However, flush support reduces floor-to-floor height. 

1 Beam hanger with single flange 

2 Beam hanger with twin flange 

3 Heavy-duty twin beam hanger 

4 Heavy-duty single beam hanger 

5 Concealed beam hanger 

6 Angle brackets to secure beam to wall plate 
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Grid structures 



Two light wood structure types developed in the United States, balloon framing and 
platform framing. Platform framing is in wide use today. 

Balloon framing 

The inventor of balloon framing, George Washington Snow, a civil engineer, moved to 
Chicago in 1832 when it was a small village. St. Mary's Church, built in 1833, was the 
first building with balloon framing. The name balloon framing was initially a pejorative 
term, used by Snow's critics to make fun of its light weight. Today, platform framing, 
which evolved from balloon framing, replaced it in large part. However balloon framing 
has less vertical shrinkage than platform framing which is an advantage in case of 
applied veneer. 

Standard balloon framing has wall studs, nominally 2x4, spaced 1G in cn center, that 
extend over the full building height. Blocking between stucfiral each; ievei provide fire 
stops. Plywood or other sheathing, nailed to studs, resists lateral wind ancLMimic load. 
Floor joists, also spaced 16 in cn center span between walls^ supported by 1x4 ribbons 
let into the studs. Depending on so^h length, joist sizes range from nominally 2x6 to 
2x12. Plywood, nailed to joists, provides f,oor and roof decks. Blocking between joists 
resists rotatbn/and supports plywood panel edges to transfer shear from panel to panel. 
Biock'r g doubles he allowable shear in plywood diaphragms. 

Studs are 2x6 for unsupported heights above 14 ft or for increased thermal insulation. 
Thermal insulation fits into spaces between studs, joists, and rafters, along with electrical 
wiring, small ducts and pipes. Joist spacing is 16, 12, or 24 in. Standard sheathing 
panels of plywood and gypsum board are 48 in wide to concur with 2, 3, or 4 joist spaces 
of 24, 16, or 12 in, respectively. 

A Joist spaced 16", 12 or 24" 

B Blocking under plywood panel edges 

C Double plates allow corners and splices to overlap for continuity 
D Stud, 2x6, spaced 16" or 24" 

E Fire blocking between floors 

F Ribbon, 1x4, let into studs to support joists 
G Anchor bolt, 1/2", spaced maximum 4’ 

H Sole plate, min. 6" above soil 
I Concrete foundation 
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Platform framing 

Platform framing evolved from previously described balloon framing and has replaced it 
in large part in contemporary construction. Given its versatility, low cost, and ease of 
construction, platform framing is very popular for low-rise residential structures in the 
United States. 


Standard platform framing has nominally 2x4 (5x10 cm) wall studs, spaced 16 in (41 cm) 
on center, extending from platform to platform, joined by a sole plate at the base and 
double plates on top. The double plates allow overlap at splices and corners to provide 
continuity. Plywood sheathing, nailed to studs, resists lateral wind and seismic loads. 
Floor joists, also spaced 16 in, span between walls. Depending on span length, joist 
sizes range from nominally 2x6 to 2x12. Plywood, nailed to joists, provides floor and roof 
decks (platforms). Blocking between joists resists rotation and supports plywood panel 
edges to transfer shear from panel to panel. Blocking doubles the allowable shear in 
plywood diaphragms. 


Studs are 2x4 (2x6 for heights above 14 ft or for increased thermal ins. 


Thermal 


insulation fits into spaces between studs, joists, and rafters, along with electrical wiring, 
small ducts and pipes, joist sprang may also be 12 or 24 In. Standard sheathing 
panels of plywood and gypsum board are 43 in wide to concur with 2, 3, or 4 joist spaces 
of 24. 16, or 12jir\ respectively. 




Joist spaced 16", alternately 12 or 24 11 

Blocking under plywood panel edges 

Double plates allow corners and splices to overlap for continuity 

Stud, 2x4, alternately 2x6 or 3x4; spaced 16" alternately 24" o. c. 

Sole plate 

Double plates overlap at corners and splices for continuity 
Anchor bolt, Zz'.m spaced maximum 4" 

Sole plate, min. 6" above soil 


I Concrete foundation 
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Joist support 

Beams may support joists two ways, flush support and top support. 


Flush support (beam and joist with flush top) 

• Requires metal joist hangers 

• Is more labor intensive to install 

• Provides narrow joist support 

• Has shorter joists 

• Conceals beam within depth of joists 

• Prevents ducts and pipes to pass between joists over beam 

• Reduces story height 


Top support (joist rest on top of beam) 

• Needs no connecting hardware 

• Is less labor intensive an simple to install 

• Provides wider support and better safety 

• Requires slightly longer joists to cveriap o ie r the beam 

• Exposes the beam belov / the ceiling 

• Allo$ duds and pipes l c pass between joist over the beam 

• Increases story height 

yCn Bush support with joist hanger 

2 Flush support with joist hanger on steel beam with wood ledger 

3 Flush support with double flange joist hanger 

4 Hybrid support on wood ledger on steel beam 

5 Top support overlapped on wood beam 


6 Top support overlapped on steel beam with wood ledger 


0 
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Fire and sound rating 

Some aspects of fire and sound rating have important structural implications. Fire ratings 
define the time a structure retains its integrity while exposed to fire. Codes require fire 
rating for buildings based on floor area, occupancy and type of construction. Fire rated 
walls may also separate large buildings into smaller areas considered separate buildings. 
For light-weight wood structures a layer of 5/8 in Type X gypsum board on each side of 
the wall provides one hour fire rating. A second layer on each side provides two-hour fire 
rating. Fire rating of floors requires, in addition to gypsum board on the ceiling, light- 
weight concrete or thick floor plywood. 

Sound rating provides privacy in party walls and floors separating adjacent apartments, 
condominiums, or offices. The Impact Insulation Class (1 1C) for floors and Sound 
Transmission Class (STC) for both floors and walls define sound ratings. 1 1C and STC 
ratings of 50 are the typical minimum standard for party floors and walls. Flowever, 
quality construction requires IIC and STC ratings of at least 60. To offset electric outlets 
on both sides of a party wall by one stud space is essent'affpr the integrity of sound 
rated walls; so is the elimination of plumbing pioes in party walls Ajcntinuous sound 
gap in plywood floors prevents/ftapr sound fc telegraph from unit to unit. Yet the sound 
gap breaks the structural integrity of ihe floor diaohragm. A plate, bridging the gap and 
nailed to both sides of the plywood gap can re-establish structural continuity of the 
plywood diaptfisigm. 

One hour fire rated wall 
Two-hour fire rated wall 

3 One hour fire rated floor 

4 Two-hour fire rated floor 

5 Sound rated wall of about 60 STC 

6 Sound rated floor of about 60 IIC and 60 STC 

A Wall studs. 

B Gypsum board, 5/8" type X (fire rated) 

C Gypsum board, 2 layers 5/8" type X each side 
D Cellular concrete, 1.5" 

E Plywood sub-floor, minimum 5/8" 

F Joists 

G Plywood sub floor, 1" 

FI Gypsum boards, 2 layers 5/8" type X (type x is fire rated) 

I Resilient furring channels, spaced 24" 

J Double studs with minimum 1" sound gap 

K Glass fiber insulation 

L Cellular concrete, 1 .5" with carpet and pad floor 

M Plate to transfer shear over sound gap in plywood 

N Sound gap in plywood to prevent sound transmission 
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Material 

Concrete is a versatile material that can be molded into many forms. It was first known 
in ancient Rome. Quarrying limestone for mortar, the Romans discovered that burning 
the limestone mixed with silica and alumina yields a cement stronger and more adhesive 
than ordinary lime mortar. The new material also could be used for underwater 
construction. Mixing the cement with sand and other materials, the Roman's invented 
the first concrete and used it widely in their construction, often filled between masonry. 


The technology of concrete construction was lost with the fall of the Roman empire. Only 
toward the end of the eighteenth century did British inventors experiment to develop 
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concrete again. In 1825, Joseph Aspdin patented Portland cement which he named after 
Portland limestone of similar color. The material was soon in wide use' and the name 
Portland cement is still common today. It consists of lime, s’iica, and alumina, burned to 
clinkers in a furnace at about 3000° F (1650° C) : and then crushed to a fine powder. 

Concrete, consisting of cemefK'sand, and g r cve! mixed with water, is strong in 
compression, but very weak in tension and shea 1 ’. Thus, concrete by itself is limited to 
applications subject to compressive stress only. This limit was soon recognized and by 
185C several inventors experimented with adding reinforcing steel to concrete. In 1867 
the. French gardener, Joseph Monier, obtained a patent for flower pots made of 
X&jfiJbreed concrete. Fie went on to build water tanks and even bridges of reinforced 
concrete. Monier is credited to invent reinforced concrete.. 


As any material, concrete has advantages and disadvantages. Concrete ingredients are 
widely available and rather inexpensive. Concrete combines high compressive strength 
with good corrosion and abrasion resistance. It is incombustible and can be molded in 
many forms and shapes. Concrete's main disadvantage is its weakness in resisting 
tension and shear. Steel reinforcing needed to absorb tensile stress can be expensive. 
Concrete has no form by itself and requires formwork that also adds much to its cost. 
The heavy weight of concrete yields high seismic forces but is good to resist wind uplift. 
Concrete is inherently brittle with little capacity to dissipate seismic energy. Plowever, 
concrete frames with ductile reinforcing can dissipate seismic energy. The inherent fire 
resistance of concrete is an obvious advantage in some applications. 

Today, concrete serves many applications usually with reinforcing. In buildings, concrete 
is used for items like footings and retaining walls, paving, walls, floors, and roofs. 
Concrete is also used for moment resistant frames, arches, folded plates and shells. 
Apart from buildings, many civil engineering structures such as dams, bridges, highways, 
tunnels, and power plants are of concrete. 
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Concrete properties 

Normal concrete has compressive strengths of 2 to 6 ksi (14 to 41 MPa)and high strength 
concrete up to 19 ksi (131 MPa). Low-strength concrete is used for foundations. 
Concrete strength is determined by the water-cement ratio (usually 0.6) and the cement- 
sand-gravel ratio (usually 1-2-3). Specified compressive strength of concrete /‘ c , usually 
reached after 28 days, defines concrete strength. By the strength method (ultimate 
strength method) a structure is designed to 85% of the specified compressive strength 
f‘ c , with factored loads as safety factor. By the working stress method, a structure is 
designed to allowable stress, i.e., a fraction of the specified compressive strength /‘ c . 


Allowable concrete stress for working stress method 
Compressive bending stress 
Bearing stress (full area): 

Bearing stress (1/3 area): 

Shear stress without reinforcing: be 


:(M 


,r 

footing and si 


0-45 /‘ c 

0- 25 /‘ c 
0.375 f c 

1- 1 /‘c 1/2 
1.2 / c i« 

2.o /y /2 

5/1' 2 


Shear stress, with reinfoi cing: 5 /‘ c 1/2 

Elastic modulus (w = concrete dens.ty In pof): w 1 5 33 /‘ c 1/2 

Temperature increase causes expansion of concrete defined by the thermal coefficient 
c=5 5x10-6 in/in/°F (3.1x10 6 m/m/°C). Hence, concrete slabs need temperature 


i erupt n 
) W=5 5x1 
reinforci 


c'.=5,5x10- i; in/in/°F (3.1x10- 6 m/m/°C). Hence, concrete slabs need temperature 
reinforcing to prevent cracks due to uneven expansion. Concrete also has creep 
deformation over time, mostly during the first year. Concrete shrinks about 1.3% due to 
loss of moisture, notably during curing. The temperature reinforcing helps to reduce 
shrinkage cracks as well. Density of concrete is determined by the type of aggregate. 
Light-weight concrete weighs about 100 pcf (1602 kg/m 3 ). Normal concrete 145 pcf 
(2323 kg/m 3 ) without reinforcing and 150 pcf (2403 kg/m 3 ) with reinforcing. 

Concrete has good fire resistance if reinforcing steel is covered sufficiently. 

A 8 in (20 cm) wall has 4 hours and a 4 in (10 cm) wall 2 hours fire resistance. 


1 Stress-strain curves for concrete 

2 Concrete creep (deflection with time) 

3 Concrete strength increase with time as percentage of 28-day strength 


A Point defining line of E-module on curve 
B Elastic limit of idealized line for working stress method 
C Idealized line for strength method 

D Actual stress-strain curve 


E Elastic modulus, defined as the slope from 0 to 0.5 /‘ c 
e Unit strain, in/in (m/m) 

F Unit creep strain, in/in (m/m) 

G Days after pouring concrete 
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Cement comes in bags of 1 ft 3 (.028 m 3 ), classified by ASTM-C1 50 as: 

Type I Normal cement (for most general concrete) 

Type II Moderate resistance to sulfate attack 
Type III High early strength 

Type IV Low heat (minimizes heat in mass concrete, like dams) 

Type V High resistance to sulfate attack 

Types IA, IIA, IMA correspond to I, II, III, but include air-entraining additives for improved 
workability and frost resistance. 


Water must be clean, free of organic material, alkali, oil, and sulfate. The water-cement 
ratio defines the strength and workability of concrete. Low water content yields high 
strength, but is difficult to work. Typical water ratios are 0.4 to 0.6, verified by a slump 
test. For this test, a metal cone is filled with concrete and tamped. Lifting the cone 
slumps the concrete to under 3 in (7 cm) for foundations and walls, and 4 in (10 cm) for 
columns and beams. 

Aggregate should be clean and free of organic material. Fine 'aggregate (sard) is less 
than 1/4 in (6 mm). Coarse aggregate (gravel or crushed rock) is used in normal 
concrete. Lightweight concrete lies aggregate ot shafer slate, or slag. Perlite and 
Vermiculite are aggregates for insulating concrete. 

Admixtures ere substances added to concrete to modify its properties: 

• At entrained agents improve workability and frost resistance 

c Accelerators reduce the curing time and increase early strength 

• Retarders slow the curing and allow more time to work the concrete 

• Plasticizers improve the workability of concrete 

• Colors and pigments add colors to concrete 


Curing of concrete is a process of hydration until it reaches its full strength. Although 
this process may take several months, the design strength is reached after 28 days. 
During the curing process the concrete should remain moist. Premature drying results in 
reduced strength. Exposed concrete surfaces should be repeatedly sprayed with water 
or covered with a protective membrane during curing. This is most important in hot or 
windy climates. The curing process accelerates in hot temperatures and slows down in 
cold temperatures. Concrete shrinks about 2 % during curing. This may cause cracks. 
Synthetic fibers of 1/8 to 3/4 in (3 to 20 mm) are increasingly added to improve tensile 
strength and reduce cracking of concrete. 

1 Concrete compressive strength defined by water-cement ratio 

2 Slump test: sheet metal cone and slumped concrete, C = slump 

3 Maximum aggregate sizes: 1/3 of slab, 1/5 of wall, 3/4 of bar spacing 

A Compressive strength of normal concrete 
B Compressive strength of air entrained concrete 
C Slump is the amount the wet concrete settles 


23-3 MATERIAL Concrete 





Beam Reinforcement 

Concrete beams require reinforcement for bending and shear in correlation with the 
respective stress patterns. This is illustrated for a simply supported beam under uniform 
load and for other beams on the next page. 

Bending reinforcement is placed where the bending moment causes tensile stress. A 
simply supported beam under uniform gravity load deforms downward to generate 
compression on top and tension at the bottom. Thus, bending reinforcement is placed at 
the bottom. Beams with negative bending require tensile reinforcement on top. This is 
the case in beams with moment resistant supports, cantilever beams, and beams 
continuing over three or more supports. Some beams may require additional bars at 
mid-span or over supports to resist increased bending moment. Beams of limited depth 
also require compressive reinforcement to make up for insufficient concrete. Some 
reinforcement bars have hooks at both ends to anchor them to the concrete if the bond 
length between steel and concrete is insufficient. Deformed bars usually aon’t need 
hooks, given sufficient bond length. Temperature reinforcement continuous over the full 
length to resist stress caused by temperature variation a/id shrinkage during curing. 

Shear reinforcement is placed where ite shear stress exceeds the shear strength of 
concrete whjGFhts very small compared to compressive strength. Beams under uniform 
gravity load have maximum shear at supports which decreases to zero at mid-span. 
Thus, shear reinforcement in form of stirrups is closely space near the supports and 
spacing increases toward mid-span. Stirrups are usually vertical for convenience, 
though combined horizontal and vertical shear stresses generate diagonal tension which 
may cause diagonal cracks near the supports. Small longitudinal bars on top of a beam 
tie the stirrups together. 

1 Shear diagram: maximum shear at supports and zero at mid-span 

2 Isostatic or principal stress lines: diagonal tension, dotted, near support 

3 Side view of beam with reinforcement 

4 Three-D view of beam with reinforcement 

A Bottom steel bars resist tensile stress 

B Stirrups resist shear stress which, for uniform load, is maximum at the supports 
and zero at mid-span 
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Waffle slab 

Waffle slabs are two-way systems for medium spans where flat slabs or plates would be 
too deep and too heavy. They reduce dead weight by two-way ribs to eliminate excess 
weight between the ribs. The tensile steel for positive bending is placed at the bottom of 
ribs and the rib top and slab resist compressive stress. Since negative bending reverses 
the stress, waffle slabs are not efficient as cantilever with negative bending. Given the 
relative narrow spacing of ribs, minimum slab depth is determined not by its span/depth 
ratio, but by rebar size plus concrete cover. Waffle slabs need either solid panels on top 
of columns to resist shear stress or require intermediate beams. Waffle slabs are formed 
placing re-usable prefabricated pans of plastic or steel over a grid of wood boards. 

Waffle slabs may be designed by the previously described Direct Design Method like a 
flat slab on columns but with reduced dead load due to ribs. 


Waffle slab dimensions: 

Span/depth ratio L/d = 16-32 (d = waffle depth) 
Maximum span 60’ ( m); 70’ ( m) when prqsjessed 
Slab depth 2.5” to 4.5” (6 Jttl 1 fcffiU 1 1 
Total depth 10” to 24” (25 to 60^qg| 

Rib width 5” to 8” (13 to 20 cm) 

Waffle size 2’ to 5’(6C to 150 cm) 

1 Waffie slab with a single solid panel over columns 

2 Waffle slab with four solid panels over columns 

3 Waffle slab supported by beams 


0 
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Prestressed concrete 

The effect of prestress on concrete is to minimize cracks, reduce depth and dead weight, 
or increase the span. Analogy with a non-prestressed beam clarifies this effect. In a 
simply supported non-prestressed beam the bottom rebars elongate in tension and 
concrete cracks due to tensile weakness. In prestressed concrete tendons (high-strength 
steel strands) replace rebars. The tendons are pulled against concrete to compress it 
before service load is applied. Service load increases the tension in tendons and 
reduces the initial concrete compression. Avoiding tensile stress in concrete avoids 
cracks that may cause corrosion in rebars due to moisture. Further, prestress tendons 
can take the form of bending moments that balances the service load to minimize 
deflection. This, combined with higher strength concrete of about 6000 psi (40 MPa), 
allows for longer span or reduced depth in beams. 

Pre-tensioning and post-tensioning are two methods to prestress concrete. They are 
based on patents by Doehring (1886) and Jackson (1888,; yet both were unsuccessful 
due to insufficient stress that dissipated by creep. Doehring stressed wires before 
casting the concrete, and Jackson used turnbuckles to stress iron rods after the concrete 
had cured. Subsequent experiments by others led to the first successful empirical work 
by Weftsteiri rip 1921 and the first theoretical study by French engineer Eugene 
Freysslnet during 1920, followed by his practical development. In 1961 the US engineer 
T Y Lin pioneered pi estress tendons that follow the bending diagram to balance bending 
due to load. Lin’s method controls deflections for any desired load, usually dead load 
and about half the live load. By his method, before live load is applied a beam (or slab) 
bows upward. Under full load, they deflect and under partial live load they remain flat. 
Diagram 5 illustrates this for a simply supported beam. 


1 Simply supported beam without prestress, cracked at tensile zone 

2 Prestress beam with concentric tendon deflects under service load 

3 Prestress beam with eccentric tendon pushes up without service load 

4 Same beam as 3 above with service load balanced at max. mid-span moment but 
not elsewhere since tendon eccentricity is constant 

5 Prestress beam with parabolic tendon to balance bending moment 


A Bending stress: top concrete compression and bottom steel tension 
B Prestress uniform due to concentric tendon 
C Prestress with greater compression near tendon at bottom 
D Prestress for eccentric tendon: bottom compression and top tension (tension where 
tendon is outside beam’s inner third (Kern). Simply supported beam of zero end 
moments has concentric tendon at ends 
E Service load stress: top compression and bottom tension 
F Combined stress from prestress and service load 
G Combined stress with uniform distribution due to balanced moments 
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Tendons are high strength steel strands used in prestressed concrete. They have a 
breaking strength of 270 ksi (1860 MPa) and are composed of 7 wires, six of them laid 
helically around a central wire. Tendons come in sizes of 0.5 and 0.6 in (13 and 15 mm) 
diameter. Both sizes are used in post-tensioned concrete but only small tendons are 
used in pre-tensioned concrete which requires no bond length. The great strength of 
tendons allows initial stress levels high enough to make up for loss of stress due to 
creep, most notably during initial curing. 



Post-tensioning begins by placing of metal or plastic tubes that house the prestress 
tendons prior to the pouring of concrete. Some tendons come enclosed in the tubes, but 
most are inserted after concrete has cured. Tubes prevent tendons to bond with the 
concrete to allow free movement for subsequent prestress operation. Once concrete has 
reached sufficient strength, the tendons are prestressed using hydraulic jacks that press 
against concrete to transfer prestress into it. Short members have tension applied at one 
end only but long members may require tension at both ends to overcome friction. 
Several devices are available to anchor the ends of post-tensioned tendons into 
concrete. One such device is a conical wedge that holds tendons by mechanical friction 
between the tendon and a rough sulace cfVne oevice. Post-tensioning is usually done 
at the bpjding site. It allows iendpn§jcr take any form desired to balance bending 
moments induced by service load. 

\r\YUn c\ 

Tendon cross section. 

Conical tendon lock rests against steel sleeve (not shown) inserted into concrete 
and squeezes the tendon and hold it by friction 
Beam with straight eccentric tendon below neutral axis 
Parabolic tendon emulate bending moment to reduce deflection 
Multiple parabolic tendons with offset anchors 
Continuous beam with tendons emulating bending moment distribution 
Continuous slab with tendons emulating bending moment distribution 
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Pre-tensioning stresses tendons between abutments in a concrete precasting plant. 
Once concrete has sufficient strength (with the help of steam in about 24 hours) tendons 
are cut off at the abutments to transfer prestress into the concrete. After cut off, tendons 
are anchored by friction with the concrete at both ends. Since abutments are difficult to 
secure at construction sites, pre-tensioning is usually done in a precast plant. Similar 
pieces may be laid in a row and cast together requiring only two abutments per row. Pre- 
tensioning is simplest with straight tendons, but some approximate curves that emulate 
bending moments are possible. They require temporary tie-downs to be cut off along 
with tendons after curing is complete. 

Pre-tensioned members must be carefully handled during transportation to avoid damage 
or breakage. Since the reinforcement is designed for a given load direction, any 
reversed load may result in overstress and possible breakage. To avoid this they must 


be placed on the truck in the same position as in their final installation. Also, to avoid 
breakage of corners, it is advisable to provide corners with chamfe 


Beam with tendons anchored to abutments 

Beam with tendons cut off to trsnsfer prestress into concrete after it has reached 

sufficient strength l \j Y \ \ \j J 

Beam with tendon tie-oowri to cpproximaie bending moment curves 

Rpw o F pre-tensioned Members with tendon anchors at ends only 

For members like walls and columns with possible bending in any direction, 

rendons may be placed at the center 

Row of pre-tensioned beams with tendon tie-down to approximate bending 
moments of service loads 


mm 


A Close approximation of parabolic bending moment by tendon shape 
B Temporary tendon tie-downs to approximate bending moments are cut off after 
tendons are cut from abutments 
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Precast concrete 

Precast concrete comes in a wide variety of shapes for both structural and architectural 
applications. Presented are structural systems and members: floor and roof members, 
columns, and walls. Though precast members may be of ordinary concrete, structural 
precast concrete is usually prestressed. The primary reinforcement of prestressed 
concrete is with tendons, yet normal rebars are often used as stirrups to resist shear. 
Rebars are also added for different loads during transportation and erection. Compared 
to site-cast concrete, precast concrete provides better quality control, repeated use of 
formwork, faster curing with steam, and concurrent operations while other site work 
proceeds. The advantages must offset the cost of transportation to a construction site. 
Precast concrete is similar to steel framing by allowing preparatory site work to be 
concurrent, yet it has the advantage to provide inherent fire resistance. Steel on the 
other hand, has lower dead weight, an advantage for seismic load that is proportional to 
dead weight. To reduce high costs of formwork the number of different precast members 
should also be reduced; yet this objective must be balanced by other considerations. For 
example, fewer parts may resuit jn a monotone and uninspired design. Combining 
precast with site-cast concrete may satisfy economy as weii as aesthetic objectives. 

Precast framing allows man./ variations, both with and without site-cast concrete. A few 
/twtical examo ; es are presented. They are possible with columns of several stories, 
limited primarily by transportation restrictions. The capacity of available cranes could 
also impose limitations. In such cases, columns should be spliced near mid-height 
between floors where bending moments from both gravity and lateral loads are zero. 

1 T-columns with deep spandrel beams support floor and roof slabs. Shear 
connections between adjacent beams combine them to moment frames 
to resist lateral as well as gravity loads 

2 Frames of split columns and deep spandrel beams support floor and roof slabs for 
gravity and lateral loads. Shear connections at adjacent split columns tie the 
frames together for unified action 

3 T-columns with normal spandrel beams support floor and roof rib slabs 
Shear connections between adjacent beams combine them to moment frames to 
resist lateral as well as gravity loads 

4 Tree-columns with beam supports allow flexible expansion. Twin beams allow 
passage of services between them. Lateral load resistance must be provided by 
shear walls or other bracing 

5 Rib slab or double T’s supported on site-cast frame 

6 U-channels with intermittent skylights supported on site-cast frame 
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Material 


Tent membranes have been around since ancient history, notably in nomadic societies. 
However, contemporary membrane structures have only evolved in the last forty years. 
Structural membranes may be of fabric or cable nets. Initial contemporary membrane 
structures consisted of 

• Natural canvass for small spans 

• Cable nets for large spans 

Industrial fabric of sufficient strength and durability was not available prior to 1970.. 
Contemporary membrane structures usually consist of synthetic fabric with edge cables 
or other boundaries. Cables and fabric are briefly described. 

Fabric for contemporary structures consists of synthetic fibers that are woven into bands 
and then coated or laminated with a protective film 
Common fabrics include: 

• Polyester fabric with PVC coating^-x / 

• Glass fiber fabric with PTFE coating 

• Glass fiber fabric w^fmlicgn coating J 

• Fine mesh fabric, laminated with PTFE film 




E|gric orcpe^fe^fere tabulated on the next page. Foils included are only for very short 
sp^fis due io low tensile strength. Unfortunately the elastic modulus of fabric is no longer 
provided by fabric manufacturers, though it is required for design and manufacture of 
fabric structures. The elastic modulus of fabric is in the range of: 


E = 2000 Ib/in, 11492 kPa/m to 
E = 6000 Ib/in, 34475 kPa/m 

Cables may be single strands or multiple strand wire ropes as shown on following pages. 
Cables consist of steel wires, protected by one of the following corrosion resistance: 

• Zinc coating (most common) 

• Hot-dip galvanizing 

• Stainless steel (expensive) 

• Plastic coating (used at our cable nets at Expo64 Lausanne) 

Depending on corrosion protection needs, zinc coating comes in four grades: type A, 
type B (double type A), type C (triple type A), type D (four times type A). Cables are 
usually prestressed during manufacture to in increase their stiffness. 


Elastic modulus of cables: 

E = 20,000 ksi, 137900 MPA 
E = 23,000 ksi, 158,585 MPa 
E = 24,000 ksi, 165,480 MPa 


(wire rope) 

(strand > 2.5 inch diameter) 
(strand < 2.5 inch diameter) 
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Fabric 


Type 

Makeup 

Common use 

Tensile strength 

Coated fabric* 

Polyester fabric 
PVC coating 

Permanent + mobile 
Internal + external 

40 to 200 kN/m 

228 to 1142 Ib/in 

Coated fabric* 

Glass fiber fabric 
PTFE coating 

Permanent 

Internal + external 

20 to 160 kn/m 

114 to 914 Ib/in 

Coated fabric 

Glass fiber fabric 
Silicone coating 

Permanent 

Internal + external 

20 to 100 kN/m 

114 to 571 Ib/in 

Laminated fabric* 

Fine mesh fabric 
Laminated with 
PTFE film 

Permanent 

Internal + external 

50 to 100 kN/m 

286 to 571 Ib/in 

Foil 

PVC foil 

Permanent internal 
Temporary external 

6 to 40 kN/m 

34 to 228 Ib/in 

Foil* 

Flouropolymer foil 
ETFE 

Permanent 

Internal + external 

6 to 12 KN/ip 

34 to 69 ib/in 

Coated or 
uncoated fabric* 

PTFE fabric 
(good qualities 
far susie inability) 

Permanent r mobile 
Internal^ external 

40 to 100 kN/m 

228 to 571 Ib/in 

Coated or 
uncoated fabric* 

Flouropolymer 

fabric 

Permanent + mobile 
Internal + external 

8 to 20 kN/m 

46 to 114 Ib/in 


Self-cleaning properties 


Sl-to-US unit conversion: 
1 kPa/m = 5.71 Ib/in 
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Cables may be of two basic types and many variations thereof. The two basic types are 
strands and wire ropes. 

Strands have a minimum of six wires twisted helically around a central wire. Strands 
have greater stiffness, but wire ropes are more flexible. To limit deformation, strands are 
usually used for cable stayed and suspension structures. 

Wire ropes consist of six strands twisted helically around a central strand. They are used 
where flexibility is desired, such as for elevator cables. 

Metallic area, the net area without air space between wires, defines the cable strength 
and stiffness. Relative to the gross cross section area, the metallic area is about: 70% for 
strands and 60% for wire ropes. To provide extra flexibility, some wire ropes have 
central cores of plastic or other fibers which further educes the metallic area. 

1 Strand (good stiffness, low flexibility) 

E = 22,000 to 24,000 ksi; 70% metallic 

2 Wire rope (good flexibility, low stiffness) 

E = 12,000 to 20,000 ksi; 60% metallic 

Cable fittings 

Cable fitting for strands and wire ropes may be of two basic types: adjustable and fixed. 
Adjustable fittings allow to adjust the length or to introduce prestress by shortening. The 
amount of adjustment varies from a few inch to about four feet 

3 Bridge Socket (adjustable) 

4 Open Socket (non-adjustable) 

5 Wedged Socket (adjustable) 

6 Anchor Stud (adjustable) 

b sr“ Ativf raP> 

C strand # Wire rope 
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1 Cable-to-cable connection with integral strand fitting 


2 Cable-to-cable connection with wire rope thimble 



3 Open socked connection, perpendicular 

Trapezoidal gusset plate for synergy of form and reduced weld stress 

4 Open socked connection, angled 

Sloping gusset plate for synergy of form and uniform weld stress distribution 
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Mast / cable details 

The mast detail demonstrates typical use of cable or strand sockets. A steel gusset plate 
usually provides the anchor for sockets. Equal angles A and B result in equal forces in 
strand and guy, respectively. 

A Mast / strand angle 

B Mast / guy angle 

C Strand 
D Guy 
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Cable/Fabric 


' Selected strip for 

flattening 


Production process 

Fabric pattern 

To assume surface curvature, fabric must be cut into patterns which usually involves the 
following steps: 

• Develop a computer model of strips representing the fabric width plus seems 

• Transform the computer model strips into a triangular grids 

• Develop 3-D triangular grids into flat two-dimensional patterns 

The steps are visualized ad follows: 


1 Computer model with fabric strips 

2 Computer model with triangular grid 
2 Fabric pattern developed from triangular grid 

Pattern cutting 

Cutting of patterns can be done manuaiiy'bf automatic. 
The manual method requires drawing the computer plot < 



le fabric 


The automatic method directs a cutting laser or knife from the computer plot 
Mata: 

For radial patterns as shown at left, cutting two patterns from one strip, juxtaposing the 
wide and narrow ends, minimizes fabric waste. 



Pattern joining 

Fabric patterns are joint together by one of three methods: 

• Welding (most common) 

• Sewing 

• Gluing 

Edge cables 

Unless other boundaries are used, edge cables are added, either embedded in fabric 
sleeves or attached by means of lacing. 

Fabric panels 

For very large structures the fabric may consist of panels that are assembled in the field, 
usually by lacing. Laced joints are covered with fabric strips for waterproofing. 
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